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FUNDAMENTAL IDEAS 


For the purpose of this review, your knowledge of the following 
fundamental ideas is assumed. 


Atomic structure 

Lewis structures 

Ionic bonding 

Covalent bonding and electronegativity 
Brgnsted-Lowry theory of acids and bases 
Lewis theory of acids and bases 
Mechanisms 

Bond rupture and formation 

Structure of organic molecules 


Structure, properties, and reactions of alkanes, alkenes, 
alkynes, and cyclohydrocarbons 


Stereochemistry 
Conjugated dienes 


Carbocations, carbanions, free radicals, and carbenes 


If you need to review any of these topics, refer to CliffsQuickReview 
Organic Chemistry I. 
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CHAPTER 1 


AROMATIC COMPOUNDS 


Introduction 


Aromatic compounds are a class of hydrocarbons that possess much 
greater stability than their conjugated unsaturated system suggests. 
The simplest example of this class of compounds, benzene, was iso- 
lated from illuminating gas by Michael Faraday in 1825. In the years 
to follow, this compound and homologues were isolated by the distil- 
lation of resin gums from balsam trees. Because many of the resin 
gums had fragrant aromas, these compounds were often called aro- 
matic compounds or aromatic hydrocarbons. In 1845, August Von 
Hofmann isolated benzene from coal tar. This isolation method 
remained the chief source of benzene until the 1950s. Today, most 
benzene is produced from petroleum. 


Benzene 


In 1834, Eilhardt Mitscherlich conducted vapor density measure- 
ments on benzene. Based on data from these experiments, he deter- 
mined the molecular formula of benzene to be C,H,. This formula 
suggested that the benzene molecule should possess four modes of 
unsaturation because the saturated alkane with six carbon atoms 
would have a formula of C,H,,. These unsaturations could exist as 
double bonds, a ring formation, or a combination of both. 


Structure of the benzene molecule 

In 1866, August Kekulé used the principles of structural theory to 
postulate a structure for the benzene molecule. Kekulé based his pos- 
tulation on the following premises: 
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= The molecular formula for benzene is C,H,. 


и All the carbons have four bonds as predicted by structural 
theory. 


и All the hydrogens are equivalent, meaning they are indistin- 
guishable from each other. 


Based on these assumptions, Kekulé postulated a structure that had 
six carbons forming a ring structure. The remaining three modes of 
unsaturation were the result of three double bonds alternating with 
three single bonds. This arrangement allowed all the carbon atoms to 
have four bonds as required by structural theory. 


H 


| 
Hv "ч, 
С 


ZA 
u^ me эң 


оо 


| 
Н 


Scientists soon realized that if Kekulé’s structure were correct, sub- 
stituting substituent groups for hydrogens on the 1,2 positions would 
lead to a different compound than substitution on the 1,6 positions. 


A 


1,2-disubstitution 1,6-disubstitution 
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Because no such isomers could be produced experimentally, Kekulé 
was forced to modify his proposed structure. Kekulé theorized that 
two structures existed that differed only in the location of the double 
bonds. These two structures rapidly interconverted to each other by 
bond movement. 


fast 


Although Kekulé’s structure accounted for the modes of unsaturation 
in benzene, it did not account for benzene’s reactivity. 


Resonance 

Modern instrumental studies confirm earlier experimental data that 
all the bonds in benzene are of equal length, approximately 1.40 pm. 
(A picometer equals 1 x 10 meter.) This bond length falls exactly 
halfway between the length of a carbon-carbon single bond (1.46 pm) 
and a carbon-carbon double bond (1.34 pm). In addition, these stud- 
ies confirm that all bond angles are equal (120°) and that the benzene 
molecule has a planar (flat) structure. 


Modern descriptions of the benzene structure combine resonance the- 
ory with molecular orbital theory. 


Resonance theory postulates that when more than one structure can 
be drawn for the same molecule, none of the drawn structures is the 
correct structure. The true structure is a hybrid of all the drawn struc- 
tures and is more stable than any of them. The greater the number of 
structures that can be drawn for a molecule, the more stable the hybrid 
structure will be. The difference between the calculated energy for a 
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drawn structure and the actual energy of the hybrid structure is called 
the resonance energy. The greater the resonance energy of a com- 
pound, the more stable the compound. 


The two Kekulé structures that can be drawn for the benzene mole- 
cule are actually two resonance structures. 


The hybrid of these structures would be drawn as 


where the circle represents the movement of the electrons throughout 
the entire molecule. This delocalization of т electrons (electrons 
found in л molecular orbitals) is also found in conjugated diene sys- 
tems. Like benzene, the conjugated diene systems show increased sta- 
bility. 


Because of resonance, the benzene molecule is more stable than its 
1,3,5-cyclohexatriene structure suggests. This extra stability (36 
kcal/mole) is referred to as its resonance energy. 


CLIFFSQUICKREVIEW 


AROMATIC 
COMPOUNDS 


Orbital picture of benzene 

Because experimental data shows that the benzene molecule is planar, 
that all carbon atoms bond to three other atoms, and that all bond angles 
are 120°, the benzene molecule must possess sp’ hybridization. With 
sp’ hybridization, each carbon atom has ап unhybridized atomic 
p orbital associated with it. The overlap of the sp’ hybrid orbitals would 
create the o bonds that hold the ring together, while the side-to-side 
overlap of the atomic p orbitals can occur in both directions, leading to 
complete delocalization in the л system. This complete delocalization 
adds great stability to the molecule. Figure 1—1 illustrates this idea. 


Figure 1-1 


Molecular orbital theory predicts that overlapping six atomic p 
orbitals will lead to the generation of six л molecular orbitals. Three 
of these л molecular orbitals will be bonding orbitals, while the other 
three will be antibonding orbitals, as shown in Figure 1-2. 
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T* anti- 


ВЕ Ao 


НН. 
Ne 


bonding 


Figure 1—2 


The three low-energy orbitals, denoted ту, 75, and п», are bonding 
combinations, and the three high-energy orbitals, denoted п.*, п.*, 
and л,“, are antibonding orbitals. Two of the bonding orbitals (п, and 
лз) have the same energy, as do the antibonding orbitals т, and 7. 
Such orbitals are said to be degenerate. 


Because the electrons are all located in bonding orbitals, the mole- 
cule is very stable. Additional stability occurs because all the bond- 
ing orbitals are filled and all the л electrons have paired spins. 
Molecules that possess all these characteristics are said to have a 
closed bond shell of delocalized т electrons. Molecules such as ben- 
zene that possess a closed bond shell of delocalized п electrons are 
extremely stable and show great resonance energies. 


Hiickel’s Rule 


In 1931, Erich Hiickel postulated that monocyclic (single ring) planar 
compounds that contained carbon atoms with unhybridized atomic p 
orbitals would possess a closed bond shell of delocalized п electrons if 
the number of л electrons in the molecule fit a value of 4n + 2 where n 
equaled any whole number. Because a closed bond shell of x electrons 
defines an aromatic system, you can use Hückel's Rule to predict the 
aromaticity of a compound. For example, the benzene molecule, which 
has 3 т bonds or б т electrons, is aromatic. 
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Number of л electrons = 4n + 2 
6=4n+2 
nzi 
However, 1,3,5,7-cyclooctatetraene, which has 4 x bonds or 8 m elec- 
trons, is not only nonaromatic but is actually considered antiaromatic 
because it 15 even less stable than the open-chain hexatriene. 
Number of л electrons = 4n + 2 


8=4n+2 


n=1.5 


Nomenclature 

In IUPAC nomenclature, benzene is designated as a parent name. 
Other compounds that contain the benzene molecule may be consid- 
ered as substituted benzenes. In the case of monosubstitution (the 
replacement of a single hydrogen), the prefix of the substituent is 
added to the name benzene. 


Cl NO; CN 


chlorobenzene nitrobenzene cyanobenzene 


In other cases, the substituent, along with the benzene ring, forms a 
new parent system. 
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CH; COOH NH2 OH 
toluene benzoic acid aniline phenol 


When a benzene molecule is disubstituted (two hydrogens are 
replaced), two nomenclature methods exist. Either a number system 
or name system indicates the relative position of one substituent to 
the other. In the number system, one substituent is given the number 
one position and the second substituent is assigned the lower possi- 
ble second number. The number position is given to the atom or group 
that has the higher priority as determined by the Cahn-Ingold-Prelog 
nomenclature system rules. 


Cl 
i -NO2 
Br | 


1-bromo-3-chlorobenzene 1-iodo-4-nitrobenzene 
(not 1-bromo-5-chlorobenzene) 


Notice that in the previous examples, the atom of the higher atomic 
weight is given the higher priority (Br = 79.1 versus Cl = 15.5, and I 
= 126.0 versus N = 14.0). These assignments are based on the prior- 
ity rules of Cahn-Ingold-Prelog nomenclature. 
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In the name system, one carbon atom containing a substituent is con- 
sidered to be the initial (locator) position. The carbon atom bonded 
to the other substituent is then located by the number of carbon atoms 
separating it from the locator position, as shown in Figure 1-3. 


Ortho 
Meta Cl 
~<— locator position 
Para Ortho 
Meta 
Figure 1—3 


The ortho position is one removed from the initial substituent’s posi- 
tion. The meta position is two removed, and the para is three removed. 


Or or o" 


ortho dichlorobenzene para-flourobromobenzene 
(para-bromoflourobenzene) 


"TM PR 
(meta-chloroiodobenzene) 
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Unlike the number system, you can assign an equally correct name 
with the names of the substituents reversed. 


Benzene compounds that contain three or more substituents are 
always named by the number system. In this system, numbers are 
assigned to substituents so that the substituents have the lowest pos- 
sible combination of numbers. 


Cl 


Br 


1-chloro-2-iodo-4-bromobenzene 
(not 1-bromo-3-iodo-4-chlorobenzene) 


Reactions of benzene 

Although the resonance structures of benzene show it as a cyclo- 
hexatriene, because of its fully delocalized т system and the closed 
shell nature of this л system, benzene does not undergo addition reac- 
tions like ordinary unsaturated compounds. The destruction of the л 
electron system during addition reactions would make the products 
less stable than the starting benzene molecule. However, benzene 
does undergo substitution reactions in which the fully delocalized 
closed л electron system remains intact. For example, benzene may 
be reacted with a halogen in the presence of a Lewis acid (a com- 
pound capable of accepting an electron pair) to form a molecule of 
halobenzene. 
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AICls 
tX > + HX 


Other Aromatic Compounds 


Many other compounds also exhibit aromatic characteristics. Some 
of the most common have two or more benzene rings fused together. 
Such compounds are called polycyclic benzenoid aromatic com- 
pounds. A typical example of this type of molecule is naphthalene, 
C,,H,. Structurally, naphthalene looks like this: 


This structure is a hybrid of the following four resonance structures. 


The resonance energy associated with naphthalene is 61 kcal/mole. 
Thus naphthalene is more stable than benzene. The benzenoid or 
benzene-like ring should have 36 kcal per mole of resonance energy, 
and the nonbenzenoid ring should have 25 kcal per mole of resonance 
energy. Because there is total delocalization of the electrons in the 
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system, the benzenoid and nonbenzenoid rings cannot be identified 
at any given time. 


Other benzenoid structures include anthracene, phenanthrene, and 
pyrene. 


anthracene 


phenanthrene 


pyrene 
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Heterocyclic Aromatic Compounds 


A heterocyclic compound is an organic compound in which one or 
more of the carbon atoms in the backbone of the molecule has been 
replaced by an atom other than carbon. Typical hetero atoms include 
nitrogen, oxygen, and sulfur. 


Pyridine (C,H;N), pyrrole (CjH4N), furan (C,H,O), and thiophene 
(C,H,S) are examples of heteroaromatic compounds. 


CI OOO 


pyridine pyrrole furan thiophene 


Because these compounds are monocyclic aromatic compounds, they 
must obey Hückel's Rule. Hückel's Rule requires 4n + 2 л electrons, 
so the simplest aromatic compound should contain 6 т electrons 
(n = 1). Pyrrole, furan, and thiophene appear, however, to have only 
4 т electrons (2 л bonds). In systems such as these, the extra elec- 
trons needed to produce an aromatic condition come from the 
unshared electron pairs in sp ' hybrid orbitals around the hetero atom. 
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Electrophilic Aromatic Substitution Reactions 


Although aromatic compounds have multiple double bonds, these 
compounds do not undergo addition reactions. Their lack of reactivity 
toward addition reactions is due to the great stability of the ring 
systems that result from complete п electron delocalization 
(resonance). Aromatic compounds react by electrophilic aromatic 
substitution reactions, in which the aromaticity of the ring system 
is preserved. For example, benzene reacts with bromine to form 
bromobenzene. 


Br 


FeBrs 
+ Bro > + HBr 


Many functional groups can be added to aromatic compounds via 
electrophilic aromatic substitution reactions. A functional group is 
a substituent that brings with it certain chemical reactions that the 
aromatic compound itself doesn’t display. 
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The bromination of benzene 
All electrophilic aromatic substitution reactions share a common 
mechanism. This mechanism consists of a series of steps. 


1. An electrophile — an electron-seeking reagent — is gener- 
ated. For the bromination of benzene reaction, the electrophile 
is the Br+ ion generated by the reaction of the bromine mole- 
cule with ferric bromide, a Lewis acid. 


+ 
Br— Br + FeBr, ——- Br— Br —FeBr;. ——> Br+FeBry 


2. The electrophile attacks the л electron system of the benzene 
ring to form a nonaromatic carbocation. 


Br 
T 
+Вг* — 


3. The positive charge on the carbocation that is formed is delo- 
calized throughout the molecule. 


Br Br Br 
T + 
+ 
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4. The aromaticity is restored by the loss of a proton from the 
atom to which the bromine atom (the electrophile) has 
bonded. 


Br 
Br H 


5. Finally, the proton reacts with the FeBr, to regenerate the 
FeBr, catalyst and form the product HBr. 


Н” + ЕеВг ——> FeBr, + HBr 


You can summarize this particular electrophilic aromatic substitution 


mechanism like this: 
Br H 
+ Bro + ———» © 
Вг 
Вг H 
9-0: 
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The nitration of benzene 

In another example of an electrophilic aromatic substitution reaction, 
benzene reacts with a mixture of concentrated nitric and sulfuric acids 
to create nitrobenzene. 


NO; 


+ HNO; + H;SO, 22F, + ЊО + HSO, 


The mechanism for the nitrobenzene reaction occurs in six steps. 


1. Sulfuric acid ionizes to produce a proton. 
HS0, — ———— — — — — H' + HSO; 


2. Nitric acid accepts the proton in an acid-base reaction. 


m a y TE » 


H'+H—Q—N 
n * NS 
Q: Q: 


3. The protonated nitric acid dissociates to form a nitronium ion 
(МО). 


H Pi | | 
| J 
H—QN — > H-Q +N’ 
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4. The nitronium ion acts as an electrophile and is attracted to 
the л electron system of the benzene ring. 


NO; 


5. The nonaromatic carbocation that forms has its charge delo- 
calized around the ring. 


NO» NO; NO; 
р + 
<> эб —— — N 
+ 


6. The aromaticity of the ring is reestablished by the loss of a 
proton from the carbon to which the nitro group is attached. 


NO, 
МО; H 
+ 
— +H 
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The sulfonation of benzene 
The reaction of benzene with concentrated sulfuric acid at room tem- 
perature produces benzenesulfonic acid. 


SOH 


25Y 


+ HS0, Ы— 


The mechanism for the reaction that produces benzenesulfonic acid 
occurs in the following steps: 


1. The sulfuric acid reacts with itself to form sulfur trioxide, the 
electrophile. 


2 HS0, — ==. SO, + НзО" + HSO; 


This reaction takes place via a three-step process: 


а. H50, q—— — — —- H+ HSO; 
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б: 
1H 
H—O0—s—OH-« н = H — Ö — SÖ H 
i + o 
:О: О: 
Y 
Ó :б: 
e t | 
gos a H 6% S9. нан 
Q 


2. The sulfur trioxide is attracted to the л electron system of the 
benzene molecule. 
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The remaining steps in the mechanism are identical with those in the 
bromination and nitration mechanisms: The charge around the ring is 
delocalized, and then the loss of a proton reestablishes the aromatic- 
ity of the ring. 


The Birch Reduction of Benzene 


The fully delocalized т electron system of the benzene ring remains 
intact during electrophilic aromatic substitution reactions. However, 
in the Birch reduction, this is not the case. In the Birch reduction, 
benzene, in the presence of sodium metal in liquid ammonia and 
methyl alcohol, produces a nonconjugated diene system. This reac- 
tion provides a convenient method for making a wide variety of use- 
ful cyclic dienes. 


H H 
Na 
— 
NH3 
CHOH 
H H 


The production of the less stable nonconjugated diene instead of the 
more stable conjugated diene occurs because the reaction is kineti- 
cally controlled rather than thermodynamically controlled. 


Шш general, reactions that aren’t easily reversible are kinetically 
controlled because equilibrium is rarely established. In kinetically con- 
trolled reactions, the product with the lowest-energy transition state 
predominates. Reactions that are easily reversible are thermody 
namically controlled, unless something occurs that prevents equilib- 
rium. In thermodynamically controlled reactions, the lowest-energy 
product predominates. 
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Friedel-Crafts Alkylation Reaction 


An alkyl group can be added to a benzene molecule by an electrophile 
aromatic substitution reaction called the Friedel-Crafts alkylation 
reaction. One example is the addition of a methyl group to a benzene 
ring. 


CH; 


AlCl 


+ CHBr + HBr 


The mechanism for this reaction begins with the generation of a methyl 
carbocation from methylbromide. The carbocation then reacts with the 
д electron system of the benzene to form a nonaromatic carbocation 
that loses a proton to reestablish the aromaticity of the system. 


1. An electrophile is formed by the reaction of methylchloride 
with aluminum chloride. 


H Cl H Cl H Cl 
го | + | m | 
H—C—Ck+A— С Эн С 0 — А — CI > Н— С + CI А — CI 
| | IN | | | 
H Cl H Cl H СІ 
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2. The electrophile attacks the л electron system of the benzene 
ring to form a nonaromatic carbocation. 


CH; 
+ 
+ 
4 CH,” ———- 


3. The positive charge on the carbocation that is formed is delo- 
calized throughout the molecule. 


CH; CH, CH, 
+ + 
+ 


4. The aromaticity is restored by the loss of a proton from the 
atom to which the methyl group has bonded. 


H 
CH, H 
+ 
——- + Н 
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5. Finally, the proton reacts with the AICI, to regenerate the 
AICI, catalyst and form the product НСІ. 


Н + АІС — НСІ + AICI, 


Carbocations can rearrange during the Friedel-Crafts alkylation reac- 
tion, leading to the formation of unpredicted products. One example 
is the formation of isopropyl benzene by the reaction of propyl chlo- 
ride with benzene. 


CHsCH2CH3; НС — CH — СНз 


AlCl 
+ СНСЊСНСІ ———> + 


minor product major product 


The isopropyl benzene results from a rearrangement of the initially 
formed propyl carbocation to the more stable isopropyl carbocation. 


RN LL 
H—C—C—C—H — — ——- H—C—C—C—H 
+ т | 
H H H H 
1Ycarbocation 2Ycarbocation 


This rearrangement is called a 1,2-hydride ion shift. A hydride ion 
is НГ. 
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Friedel-Crafts Acylation Reaction 


The Friedel-Crafts acylation reaction, another example of an elec- 
trophilic aromatic substitution reaction, is similar to the Friedel- 
Crafts alkylation reaction except that the substance that reacts with 
benzene is an acyl halide, 


instead of an alkyl halide, В —X . An acetyl chloride reaction 
appears as: 


Jl 
e — C HCl 
| AICls | 
+ CH3 -C=0 CH; 


[| 
The mechanism for the generation of the acylium ion, В—С* is 


Ch: о с! о cl 


le — 
>R—C+ Cl —AI—CI 


Ck Cl Cl 


The remainder of the mechanism is identical to that of the alkylation 
of benzene. Because the acylium ion is resonance stabilized, no 
rearrangements occur. 
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1. The reaction of acetyl chloride with aluminum chloride forms 


an electrophile. 


О :б: о Р Cl: о :б: 
їч и | ү — | T 
CH, — С — б:+ А — @ > CH, — С ud + Al — Cl — CH, — С + :Cl—Al — Gi 


1C 


2. The electrophile attracts the x electron system of the benzene 
ring to form a nonaromatic carbocation. 


3. The positive charge on the carbocation that is formed is delo- 
calized throughout the molecule. 


О О О 

| I + I 

C — СН; C — СНз C — СН; 
— <> 
+ + 
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4. The loss of a proton from the atom to which the acetyl group 
has bonded restores the aromaticity. 


C—CH, C— CH; + Н" 


5. The proton reacts with the AICI, to regenerate the AICI, cata- 
lyst and form the product НСІ. 


Н + AIC; — НСІ + АС, 


Directing Group Influence 


Substituents already attached to benzene exert an influence on addi- 
tional atoms or groups attempting to bond to the benzene ring via 
electrophilic aromatic substitution reactions. An atom or group 
already attached to a benzene ring may direct an incoming elec- 
trophile to either the ortho-para positions or the meta position. Atoms 
or groups that make the benzene molecule more reactive by increas- 
ing the ring’s electron density are called activating groups. 
Activating groups serve as ortho-para directors when they are 
attached to a benzene ring, meaning that they direct an incoming elec- 
trophile to the ortho or para positions. An atom or group that makes 
the benzene molecule less reactive by removing electron density from 
the ring acts as a deactivating group. Deactivating groups direct 
incoming electrophiles to the meta position. You can further classify 
activating and deactivating groups or atoms as strong, moderate, or 
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weak in their directing influence. Table 2-1 lists some typical activat- 
ing and deactivating groups by the order of their strength. 


TABLE 2-1: The Influence of Various Directing Groups 
and Atoms 
Ortho-Para Directors 


Meta Directors 


Strong Strong 
—NH, —NO, 
—NHR —NH, 
—NR, —NR, 
—OH —CF, 
—O* ССІ, 

Moderate Moderate 
—NHCOCH, —C=N 
—NHCOR —80,Н 
—ОСН, —COOH 
—OR —COOR 
—CHO 
—COR 

Weak Weak 
—CH, 

—CH,CH; 
—R 
—CH; 


Halogen atom influence 

Halogen atoms show both activating and deactivating characteristics. 
Because they have three pairs of unshared electrons, halogen atoms 
can supply electrons toward the ring. However, because of their high 
electronegativities, halogen atoms also tend to remove electrons from 
the benzene ring. These conflicting properties make halogens a weak 
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ortho-para director and also a ring deactivator. This means that the 
presence of a halogen atom on a benzene causes an incoming elec- 
trophile to attach at an ortho or para position. However, these posi- 
tions are not very electron rich, so the reaction proceeds poorly under 
ordinary electrophilic aromatic substitution conditions, leading to 
poor yields of the disubstituted product. 


Predicting second group position 

Using the previous information in this section, predicting the posi- 
tion that a second substituent group will take on a benzene ring is 
easy. For example, the nitration of methyl benzene (toluene) will pro- 
duce ortho and para nitrotoluene as the main product because the 
methyl group is an ortho-para director. 


СН» СНз СНз 
МО» 
+ HNO, 2804 + 
A 
Ortho 
МО» 
Рага 


However, methylating nitrobenzene leads to the formation of meta 
nitrotoluene because the nitro group is meta directed. 
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МО» NO; 


+ СНС ele 


Meta 


Theory of Substitution Effects (Directing Group Influence) 


Ring activators are groups that increase the electron density on the 
benzene ring and thereby make the ring more susceptible to elec- 
trophilic aromatic substitution reactions. Ring deactivators decrease 
the electron density on the benzene ring, thus making the ring less 
reactive toward electrophilic aromatic substitution reactions. 
Resonance theory can be used to illustrate these processes. 


Ring Activation 

Most ring activators have atoms with unshared electron pairs directly 
attached to a carbon atom of the benzene ring. For example, 
the — OH group has two pairs of unshared electrons on the oxygen 
atom, which will form a bond to a carbon atom of the benzene ring. 
Thus, the — OH group will be an activating group. The following illus- 
tration shows why this group will act as an ortho-para director. 
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:ÓH ÓH ÓH ÓH 
c | 


Notice that three of the four resonance structures show a negative 
charge residing on the positions ortho and para to the — OH group. 
These electron-rich positions should attract an electrophile more 
strongly than the less electron-rich meta positions do. Therefore, any 
group that possesses unshared electron pairs on the atom directly 
attached to a carbon atom of the benzene ring will be an ortho-para 
(activating) group. Groups that do not have unshared electron pairs on 
the atom directly attached to the benzene ring may also supply elec- 
trons to the benzene ring. This situation occurs if the atom in a group 
has weakly bonded m electrons attached to it or if the group has an 
inductive effect associated with it. The following diagram shows an 
example of the л electron movement giving ring activation. 


As with the — OH group example, the ortho and para positions are 
electron-rich compared to the meta positions. Thus ortho-para sub- 
stitution occurs. 
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Ring Deactivation 

Groups that withdraw electrons from the ring will deactivate the ring 
and act as meta directors. Groups capable of doing this usually contain 
an atom that is directly attached to a carbon atom of the benzene ring 
and that bears a positive or partially positive charge. A typical example 
is the nitro group — МО.. The structure of the nitro group is: 


o? 
ë A 
z хе 
кл E. p. xe 
ч М N Hh 
C е | No- | `о- | `o- 
n 


Notice that in three of the four resonance structures, a positive charge 
exists on the ortho and para positions. Thus, the hybrid structure is 
electron-poor in these areas, meaning that an electrophile generally 
attaches to the more electron-rich meta position. 
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ALKYL HALIDES 


Introduction 


An alkyl halide is another name for a halogen-substituted alkane. 
The carbon atom, which is bonded to the halogen atom, has sp’ 
hybridized bonding orbitals and exhibits a tetrahedral shape. Due to 
electronegativity differences between the carbon and halogen atoms, 
the о covalent bond between these atoms is polarized, with the car- 
bon atom becoming slightly positive and the halogen atom partially 
negative. Halogen atoms increase in size and decrease in electroneg- 
ativity going down the family in the periodic table. Therefore, the 
bond length between carbon and halogen becomes longer and less 
polar as the halogen atom changes from fluorine to iodine. 


Physical properties 

Alkyl halides have little solubility in water but good solubility with 
nonpolar solvents, such as hexane. Many of the low molecular weight 
alkyl halides are used as solvents in reactions that involve nonpolar 
reactants, such as bromine. The boiling points of different alkyl 
halides containing the same halogen increase with increasing chain 
length. For a given chain length, the boiling point increases as the 
halogen is changed from fluorine to iodine. For isomers of the same 
compound, the compound with the more highly-branched alkyl group 
normally has the lowest boiling point. Table 3-1 summarizes data for 
some representative alkyl halides. 
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Table 3-1: Boiling Points (°С) of Alkyl Halides 


Flouride Chloride Bromide Iodine 
Group bp bp bp bp 
Methyl -78.4 -28.8 -3.6 42.5 
Ethyl -37.7 13.1 38.4 72 
Propyl -2.5 46.6 70.8 102 
Isopropyl -9.4 34 59.4 89.4 
Butyl 32 78.4 101 130 
Sec-buty] 68 91.2 120 
Tert-butyl 51 73.3 100 
Nomenclature 


Alkyl halides are named using the IUPAC rules for alkanes. Naming 
the alkyl group attached to the halogen and adding the inorganic 
halide name for the halogen atom creates common names. 


Cl 
| 
CH3CH2BR СНз = CH — СНз 
bromoethane 2-chloropropane 
(ethyl bromide) (isopropyl! chloride) 


СНз 


СНз 


— с — CH, 


2-iodo-2-methylpropane 
(tertiary-butyliodide) 
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Nucleus and Nucleophiles 


A nucleus is any atom that has a partial or fully positive charge asso- 
ciated with it. A nucleophile is an atom or group that is attracted to a 
source of partial or full positive charge. Alkyl halides act as a nucleus 
because of the great electronegativity differences between the carbon 
atom and the halogen atom directly bonded to it. This great elec- 
tronegativity difference causes the electron density in the overlap 
region between the carbon and halogen atoms to be pulled toward the 
halogen atom. This shifting of electron density in the molecule makes 
the carbon atom partially positive (the nucleus) and the halide ion par- 
tially negative (the incipient leaving group). 


Figure 3-1 illustrates the effect of electronegativity differences on 
bond polarity. 


Figure 3-1 


Electrons in the overlap region between the carbon and the halogen 
atoms are attracted to the more electronegative halogen atom. The 
carbon atom, which now has less of a share of the bonding electrons, 
becomes partially positive, and the halogen atom, which has a greater 
share of these electrons, becomes partially negative. 


Remember that a nucleophile is a substance that has a pair of electrons 
that it can donate to another atom. The weaker the forces of attraction 
holding the electron pair to the original molecule, the more readily 
this molecule will share the electrons and the stronger the resulting 
nucleophile will be. The weakest held electrons on an atom are the 
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nonbonding electron pairs. Electrons in л bonds, although held more 
strongly than nonbonding electrons, are also loosely held and easily 
shared, making unsaturated compounds relatively good nucleophiles. 


Because they possess a negative charge, anions are always better 
nucleophiles than their conjugate acids. 


Nucleophilic Substitution Reactions 


Alkyl halides undergo many reactions in which a nucleophile dis- 
places the halogen atom bonded to the central carbon of the mole- 
cule. The displaced halogen atom becomes a halide ion. 


NuU + ВХ — Ам + X: 


nucleophile alkyl halide product halide ion 


Some typical nucleophiles are the hydroxy group ( OH), the alkoxy 
group (RO), and the cyanide ion (с = м). Reaction of these nucle- 
ophiles with an alkyl halide (R—X) gives the following reactions and 
products: 
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30H + А-Х —— R-OH + m 
hydroxide юп alkyl halide alcohol halogen ion 
ВО: + ВХ — R-O-R + Хг 
aldoxide ion alkyl halide ether halogen ion 


3SCEN + АХ — >» R-C=N + X 


cyanide ion alkyl halide nitrile halogen ion 


а-н, + R-X ——e RNHR + 2X 
primary amine alkyl halide 2Yamine halogen ion 


The halogen ion that is displaced from the carbon atom is called the 
leaving group, and the overall reaction is called a nucleophilic sub- 
stitution reaction. 


Leaving Group 


For a molecule to act as a nucleus or substrate in a nucleophilic substi- 
tution reaction, it must have both a polar bond and a good leaving 
group. For an atom or a group to be a good leaving group, it must be 
able to exist independently as a relatively stable, weakly basic ion or 
molecule. Groups that act as leaving groups are always capable of 
accommodating the negative charge through a high electronegativity 
or by delocalization. Because halogen atoms have high electronegativ- 
ities and form relatively stable ions, they act as good leaving groups. 


ORGANIC CHEMISTRY II 


41 


ALKYL HALIDES 


Mechanisms of Nucleophilic Substitution Reactions 


Experimental data from nucleophilic substitution reactions on sub- 
strates that have optical activity (the ability to rotate plane-polarized 
light) shows that two general mechanisms exist for these types of 
reactions. The first type is called an $,2 mechanism. This mechanism 
follows second-order kinetics (the reaction rate depends on the con- 
centrations of two reactants), and its intermediate contains both the 
substrate and the nucleophile and is therefore bimolecular. The ter- 
minology S,2 stands for “substitution nucleophilic bimolecular.” 


The second type of mechanism is ап 5,1 mechanism. This mechanism 
follows first-order kinetics (the reaction rate depends on the concen- 
tration of one reactant), and its intermediate contains only the substrate 
molecule and is therefore unimolecular. The terminology S.1 stands for 
“substitution nucleophilic unimolecular.” 


S.2 mechanism 

As noted earlier in this chapter, the alkyl halide substrate contains a 
polarized carbon halogen bond. The S,2 mechanism begins when an 
electron pair of the nucleophile attacks the back lobe of the leaving 
group. Carbon in the resulting complex is trigonal bipyramidal in 
shape. With the loss of the leaving group, the carbon atom again 
assumes a pyramidal shape; however, its configuration is inverted. See 
Figure 3-2 below. 


starting materials >” | activated complex | <_> products 


Nu: — =e =| cO | = oe + L7 


Figure 3-2 
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The 5,2 mechanism can also be illustrated as shown in Figure 3-3. 


starting materials >” | activated complex | 2 products 


MEM EE MEN UNT M 
Nu: —- C—L 2 Nu--C--L | == Nu—C + L: 


Figure 3-3 


Notice that in either picture, the intermediate shows both the nucle- 
ophile and the substrate. Also notice that the nucleophile must always 
attack from the side opposite the side that contains the leaving group. 
This occurs because the nucleophilic attack is always on the back lobe 
(antibonding orbital) of the carbon atom acting as the nucleus. 


5.2 mechanisms always proceed via rearward attack of the nucle- 
ophile on the substrate. This process results in the inversion of the 
relative configuration, going from starting material to product. This 
inversion is often called the Walden inversion, and this mechanism 
is sometimes illustrated as shown in Figure 3-4. 


starting materials products 


* = 
z > 


_ \ / 
Nu: — C Nu—C. + L: 


Figure 3-4 
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Steric hindrance 

S,2 reactions require a rearward attack on the carbon bonded to the leav- 
ing group. If a large number of groups are bonded to the same carbon 
that bears the leaving group, the nucleophile’s attack should be hindered 
and the rate of the reaction slowed. This phenomenon is called steric 
hindrance. The larger and bulkier the group(s), the greater the steric 
hindrance and the slower the rate of reaction. Table 3-2 shows the effect 
of steric hindrance on the rate of reaction for a specific, unspecified 
nucleophile and leaving group. Different nucleophiles and leaving 
groups would result in different numbers but similar patterns of results. 


Table 3-2: Effects of Steric Hindrance upon 


Rates of 5,2 Reactions 
№ + ALK-L = Nu-ALK +17 
Alkyl Group (ALK) Relative Rate of Substitution 
-CH, (small group) 30 
-CH.CH. (larger group) 1 
-CH(CH.). (bulky group) 0.03 
-C(CH.). (very bulky group) 0 


8.2 reactions give good yields on 1? (primary) alkyl halides, moder- 
ate yields on 2? (secondary) alkyl halides, and poor to no yields on 
3? (tertiary) alkyl halides. 


Solvent effects 

For protic solvents (solvents capable of forming hydrogen bonds in 
solution), an increase in the solvent's polarity results in a decrease in 
the rate of 5,2 reactions. This decrease occurs because protic solvents 
solvate the nucleophile, thus lowering its ground state energy. Because 
the energy of the activated complex is a fixed value, the energy of acti- 
vation becomes greater and, therefore, the rate of reaction decreases. 
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Polar aprotic solvents (solvents that cannot form hydrogen bonds in 
solution) do not solvate the nucleophile but rather surround the 
accompanying cation, thereby raising the ground state energy of the 
nucleophile. Because the energy of the activated complex is a fixed 
value, the energy of activation becomes less and, therefore, the rate 
of reaction increases. 


Figure 3-5 illustrates the effect of solvent polarity on the energy of 
activation and, thus, the rate of reaction. 


Polar Aprotic Solvent Energy level needed 
to be surpassed for 
reaction to occur. 


Protic Solvent 


Energy 


AE (Activation Energy) 


Reaction Progress 
— > 


Figure 3-5 


The smaller activation energy leads to the more rapid reaction. 


S.1 mechanism 

The second major type of nucleophilic substitution mechanism is the 
5.1 mechanism. This mechanism proceeds via two steps. The first 
step (the slow step) involves the breakdown of the alkyl halide into 
an alkyl carbocation and a leaving group anion. The second step (the 
fast step) involves the formation of a bond between the nucleophile 
and the alkyl carbocation. 
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+ 
| М 
ALK-L —50% , | alkyl U ALK- Nu 
step fast step 
+ 


Because the activated complex contains only one species—the alkyl 
carbocation—the substitution is considered unimolecular. 


Carbocations contain sp hybridized orbitals and thus have planar struc- 
tures. 5,1 mechanisms proceed via a carbocation intermediate, so a 
nucleophile attack is equally possible from either side of the plane. 
Therefore, a pure, optically active alkyl halide undergoing an $,1 sub- 
stitution reaction will generate a racemic mixture as a product, as 
shown in Figure 3-6. 


attack at Аз 
face А / 
Br—C 
_ 4e | 
Вз H Rs R2 
\ @/ =н | Ө i | 
PIA 920, face A Фс«© |осев 27 | | DIU 
R2 l H / 
В, | R R2 Аз 
C—Br 
attack at | 
{асе В 2 
1 J 
Figure 3-6 


5.1 versus 5,2 Reactions 


Whether an alkyl halide will undergo an S.1 or an S,2 reaction depends 
upon a number of factors. Some of the more common factors include 
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the natures of the carbon skeleton, the solvent, the leaving group, and 
the nature of the nucleophile. 


Nature of the carbon skeleton 

Only those molecules that form extremely stable cations undergo 
S.1 mechanisms. Normally, only compounds that yield 3? (tertiary) car- 
bonications (or resonance-stabilized carbocations) undergo S.1 mech- 
anisms rather than S.2 mechanisms. Carbocations of tertiary alkyl 
halides not only exhibit stability due to the inductive effect, but the 
original molecules exhibit steric hindrance of the rear lobe of the 
bonding orbital, which inhibits 5,2 mechanisms from occurring. 
Primary alkyl halides, which have little inductive stability of their 
cations and exhibit no steric hindrance of the rear lobe of the bond- 
ing orbital, generally undergo S.2 mechanisms. Figure 3-7 illustrates 
the tendencies of alkyl halides toward the two types of substitution 
mechanisms. 


Increasing Sw2 reactions 


1Yalkyl halide 2Yalkyl halide 3Yalkyl halide 


Increasing Sw1 reactions 


Figure 3-7 


Nature of the solvent 

Polar protic solvents such as water favor S.l reactions, which 
produce both a cation and an anion during reaction. These solvents 
are capable of stabilizing the charges on the ions formed during 
solvation. Because S,2 reactions occur via a concerted mechanism 
(a mechanism which takes place in one step, with bonds breaking and 
forming at the same time) and no ions form, polar protic solvents 


ALKYL HALIDES 


would have little effect upon them. Solvents with low dielectric con- 
stants tend not to stabilize ions and thus favor 5,2 reactions. Conversely, 
solvents of high dielectric constants stabilize ions, favoring S.1 reac- 
tions. 


Nature of the leaving group 

In general, good leaving groups are those capable of forming stable 
ions or molecules upon displacement from the original molecule. 
Conversely, poor leaving groups form ions of poor to moderate 
stability. Strong bases, such as OH, NH., and RO, make poor leaving 
groups. Water, which is less basic than a hydroxide ion, is a better leav- 
ing group. Poor bases usually make good leaving groups. A poor base 
is an ion or group in which the electrons are tightly bound to the mole- 
cule due to high electronegativity or resonance. Some good leaving 
groups are the sulfate ion and the p-toluenesulfonate (tosylate ion). 


О О 
[ ү 
CH; — 8 — О CH3 S—O 
[ [ 
О Q: 
methyl sulfonate tosylate ion 
(resonance stabilized) (resonance stabilized) 


The following list ranks atoms and molecules in order of their stability 
as leaving groups, from most to least stable. 


CH3SO 3 , іоѕуГ > Г > Br > HO > СГ >F 
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Elimination Reactions 


During an elimination reaction, a bond forms by the removal of two 
atoms or groups from the original molecule. In most instances, the 
bond that forms is ал bond. Elimination reactions compete with sub- 
stitution reactions when alkyl halides react with a nucleophile. 


CH,CH;C| + ROS ——>CH,CHOR + Gr (substitution 


reaction) 
alkyl halide nucleophile ether chloride ion 
os = T (elimination 
СНзСНЬС! + RỌ: —- СНЕ СН, + ROH + HCI reaction) 
alkyl halide base alkene alcohol halogen 
acid 


The elimination of hydrogen halide (a halogen acid) from an alkyl 
halide requires a strong base such as the alkoxide ion, RO. Weaker 
bases such as the OH ion give poor yields of elimination product. 


If an alkyl halide contains more than two carbons in its chain, and the 
carbon atoms adjacent to the carbon atom bonded to the halogen each 
have hydrogen atoms bonded to them, two products will form. The 
major product is predicted by Zaitsev's Rule, which states that the 
more highly branched alkene will be the major product. For example, 
in the dehydrohalogenation reaction between 2-chlorobutane and 
sodium methoxide, the major product is 2-butene. 


ннан ннн н ннн н 
row Y d p.c bog I ot gd Ig 
H—C—C-—C-—C-—H + CHO Na* »H—G-—C—C—O-—H + H—-C—C-G-—C-—H 
| ou "b ug | d | | 
ннн н H H H H 

1-butene 2-butene 
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Mechanism of Elimination Reactions 


As noted earlier, the halogen-carbon bond in an alkyl halide is polar- 
ized due to the electronegativity difference between the atoms. This 
polarization can lead to the formation of a partial or fully positive 
charge on the carbon atom. 


H 
| 
C —H or H—C 
| | 
H H 


The full or partial positive charge on the carbon atom is delocalized 
(dispersed) down the carbon chain. This, in turn, makes the hydrogen 
atoms attached to these carbons very slightly positive and thus very 
weakly acidic. Therefore, a very strong base can now remove a 
slightly positive hydrogen with the resulting release of electrons 
down the chain, forming a л bond between the carbon atoms. The 
actual mechanism can be one of two types, Е1 or E2, depending upon 
the structure of the activated complex. 


E1 mechanism 

An atom that bears a pair of unshared electrons takes on one of two 
roles. The atom may share these electrons with a carbon atom that 
bears a leaving group, or it may share these electrons with a hydro- 
gen atom. In the former case, the atom acts as a nucleophile, while in 
the latter case it acts as a base. Therefore, depending on reaction con- 
ditions, the atom may be involved in a substitution reaction or an 
elimination reaction. 


The reaction of an OH ion with tertiary butyl bromide leads to little 
or no substitution product because steric hindrance blocks the rear 
lobe of the carbon atom to which the bromine atom is bonded. With 
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the aid of a polar solvent, the bromine-carbon bond ionizes to form a 
tertiary carbocation and a bromide ion. The hydrogen atoms on the 
carbons adjacent to the carbocation carbon acquire a slight positive 
charge, allowing the OH ion to employ its basic characteristics. Thus, 
the OH ion abstracts a hydrogen atom, and the electrons migrate 
down the chain, forming a double bond. 


H H H 
| БИ = H 
H—C—H H—C—H H—C-H OH | 
б H—C 
H H ——> H e— UM —> " | 
| | | | = СИБИ 
H-C-C-C-H H=G-—c%Br нес H f 1 
| | | | | 
H Br H H H H H B 
" 
H—C—H H—c-H? H 
БИ 
H Hs: 
Removal of Weak 
Self-lonization Delocalization Acid Proton with 
of * Charge Electron Migration 


The activated complex for this reaction contains only the alkyl halide 
and is, therefore, unimolecular. The reaction follows an ЕІ mechanism. 


H—C—H 


H—C—H 
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E2 mechanism 

Elimination reactions can also occur when a carbon halogen bond 
does not completely ionize, but merely becomes polarized. As with 
the Е1 reactions, E2 mechanisms occur when the attacking group dis- 
plays its basic characteristics rather than its nucleophilic property. 
The activated complex for this mechanism contains both the alkyl 
halide and the alkoxide ion. 


Following is the complete mechanism for the E2 elimination reaction: 


OH" === H 


Grignard Reaction 


In a Grignard reaction, an alkyl halide reacts with magnesium metal 
in an anhydrous ether solvent to create an organometallic reagent. 


CHBr + Mg eber , CHsMgBr 


methyl bromide magnesium methyl magnesium bromide 
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The Grignard reagent is highly reactive and is used to prepare many 
functional groups. An example is the preparation of a carboxylic acid 
by reaction with carbon dioxide and mineral acid. 


1. CO; О 
2. HCI | В! 
R-MgBr —— — — - R-C-OH + Mg 
Grignard reagent A carboxylic acid ы 


Preparation of Alkyl Halides 


Following are two methods commonly used to prepare alkyl halides. 


Hydrogen halide addition to an alkene 

Halogen halides add across carbon-carbon double bonds. These addi- 
tions follow Markovnikov’s rule, which states that the positive part 
of a reagent (a hydrogen atom, for example) adds to the carbon of the 
double bond that already has more hydrogen atoms attached to it. The 
negative part adds to the other carbon of the double bond. Such an 
arrangement leads to the formation of the more stable carbocation 
over other less-stable intermediates. 


н н н H CI н н н н 
MAN | | | | | | 
H— C—C —C—H + HCI » H—€C —C —C—H + H—UC —C —6—CI 
| [| | [| 
H н H H H H H 
propene 2-chloropropane 1-chloropropane 
(major product) (minor product) 
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Reaction of alcohols with sulfur and phosphorous halides 
Alcohols can be converted to alkyl halides by reaction with thionyl 
chloride, SOCI; phosphorous trichloride, PCL; phosphorous pen- 
tachloride, PCl.; or phosphorous tribromide, PBr.. For example, ethyl 
chloride or ethyl bromide can be prepared from ethyl alcohol via reac- 
tions with sulfur and phosphorous halides. 


CH.CH;OH + SOCI ———- снн + SO; HCI 
CH;CH,OH + РС» EM СН.СН,СІ -P(OH)* НСІ 
CH,CH,OH + PC —А> CHCHCI + РОСЬ + HCI 
CH,CHOH + Рв —©—> CHCHjBr + P(OH)3+ HBr 
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Phenols 


Phenols are molecules that have a hydroxyl group attached to the car- 
bon atom of an aromatic ring. 


Nomenclature 

By definition, phenol is hydroxybenzene. Phenol is a common name 
for the compound. Its IUPAC name would be benzenol, derived in the 
same manner as the IUPAC names for aliphatic alcohols. 


When a phenol molecule is substituted with additional groups, either 
the ortho, meta, para system or the numbering system can be 
employed. In either case, if the parent molecule is referred to as a phe- 
nol, the nomenclature being used is the common system. 


In IUPAC nomenclature, the parent molecule is called benzenol, and 
substituents are always numbered with the OH group being given the 
understood first position. For the compounds below, the first name 
listed is the common name and the second is the IUPAC name. 


OH OH OH OH 
: - ‘ “NO, ON а ` NO, 
cl 


phenol m-nitrophenol 3,5-dinitrophenol 
benzenol 3- nitrobenzenol 3,5-dinitrobenzenol 


p-chlorophenol 
4-chlorobenzenol 


ORGANIC CHEMISTRY II 


PHENOLS AND 
ARYL HALIDES 


Certain phenols are referred to by common names. For example, 
methyl phenols are called cresols. In the illustrations below, the first 
name under each compound is its common name, and the bottom 
name is its IUPAC name. 


оо. © 


2-methylphenol (o-cresol 3-methylphenol (m-cresol) 
2-methylbenzenol 3-methylbenzenol 


4-methylphenol (p-cresol) 
4-methylbenzenol 


Similarly, hydroxyphenols have common names, which are listed first 
under each of the following illustrations, while the IUPAC names аге 
listed last. 


OH OH OH 
| Он | 
он 


2-hydroxyphenol (catechol) 3-hydroxyphenol (resorcinol) 
1,2-benzenediol 1,3-benzenediol 


4-hydroxyphenol (hydroquinone) 
1,4-benzenediol 


Physical properties 
Low molecular weight phenols are normally liquids or low melting 
solids. Due to hydrogen bonding, most low molecular weight 
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phenols are water-soluble. Phenols tend to have higher boiling points 
than alcohols of similar molecular weight because they have stronger 
intermolecular hydrogen bonding. 


Acidity " 
Phenols show appreciable acidity (pK, 2 8 ). For example, phenol 
reacts with aqueous NaOH as follows. 


OH О Nat 


+ МаОН(аа) ——> + НО 


This is a typical neutralization reaction. 


Because of their high acidity, phenols are often called carbolic acids. 
The phenol molecule is highly acidic because it has a partial positive 
charge on the oxygen atom due to resonance, and the anion that is 
formed by loss of a hydrogen ion is also resonance stabilized. 
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Resonance structures of phenol 

Notice that three of the four contributing structures possess a posi- 
tive charge on the oxygen atom of the molecule. Thus, the true hybrid 
structure must possess a partial positive charge. Because oxygen is 
an electronegative element, the electrons in the oxygen-hydrogen 
bond orbital are attracted to the oxygen atom, resulting in a partially 
positive hydrogen. 


Loss of a hydrogen ion to a base creates a phenoxide ion that is reso- 
nance stabilized. 


НСО: 


al б: б: б: 
er | | 
В: + — ВН+ ==> 


Notice that upon removal of the hydroxy hydrogen by а base, the phe- 
noxide anion results. This anion is resonance stabilized by delocal- 
ization of an electron pair throughout the molecule, as shown by the 
contributing structures. 


Synthesis of Phenols 


You can prepare phenols in large quantities by the pyrolysis of the 
sodium salt of benzene sulfonic acid, by the Dow process, and by the 
air oxidation of cumene. Each of these processes is described below. 
You can also prepare small amounts of phenol by the peroxide oxi- 
dation of phenylboronic acid and the hydrolysis of diazonium salts. 
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Pyrolysis of sodium benzene sulfonate 

In this process, benzene sulfonic acid is reacted with aqueous sodium 
hydroxide. The resulting salt is mixed with solid sodium hydroxide 
and fused at a high temperature. The product of this reaction is sodium 
phenoxide, which is acidified with aqueous acid to yield phenol. 


SO3H SO; Na* О Ма" ОН 


Dow process 

In the Dow process, chlorobenzene is reacted with dilute sodium 
hydroxide at 300°C and 3000 psi pressure. The following figure illus- 
trates the Dow process. 


OH 
. dilute NaOH NaOH 
~ 300/3000рві . 


Air oxidation of cumene 

The air oxidation of cumene (isopropyl benzene) leads to the produc- 
tion of both phenol and acetone, as shown in the following figure. The 
mechanisms for the formation and degradation of cumene hydroper- 
oxide require closer looks, which are provided following the figure. 
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CH,— C — CH, HC —C— СН :ÓH 
(e 
О» нњо“ | 


100-130° o GGH; 


cumene hydroperoxide 


Cumene hydroperoxide formation. The formation of the hydroper- 
oxide proceeds by a free radical chain reaction. A radical initiator 
abstracts a hydrogen-free radical from the molecule, creating a ter- 
tiary free radical. The creation of the tertiary free radical is the initial 
step in the reaction. 


C) | Н+А >| | + ВН 
L CH3 СН» 


In the next step, the free radical is attracted to an oxygen molecule. 
This attraction produces the hydroperoxide free radical. 


i T 
7 + О» ў СЕ Ó TEM o 
СНз СНз 
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Finally, the hydroperoxide free radical abstracts a hydrogen free rad- 
ical from a second molecule of cumene to form cumene hydroperox- 
ide and a new tertiary free radical. 


СНз СНз СНз СНз 


| | | 
О с-9—0- +H-C | O—Q-H c 
| ЛО, О 
(9) CH; CH; CH; CH; 


Cumene hydroperoxide degradation. The degradation of the 
cumene hydroperoxide proceeds via a carbocation mechanism. In the 
first step, a pair of electrons on the oxygen of the hydroperoxide's 
“hydroxyl group" is attracted to a proton of the H,O' molecule, form- 
ing an oxonium ion. 


H 
СҮ | | 
C—Q-Q—H+H* С ООА 
СНз СНз 


Next, the oxonium ion becomes stabilized when the positively 
charged oxygen leaves in a water molecule. This loss of a water mol- 
ecule produces a new oxonium ion. 
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A phenide ion shift to the oxygen atom (which creates a tertiary car- 
bocation) stabilizes the positively charged oxygen. (A phenide ion is 
a phenyl group with an electron bonding pair available to form a new 
bond to the ring.) 


The carbocation is stabilized by an acid-base reaction with a water 
molecule, leading to the formation of an oxonium ion. 


сњ у CHs 
|^ УФХ ЕЯ H 
O—cC'+ H Н — 0—c—9 


| | H 
CH; CH, 


The loss of a proton stabilizes the oxonium ion. 


СНз ‘i 
| + 
" / " 
ó—c—0 ó— - ÖH + H 
| ы 
СНз К 
Next, а proton is picked up by the ether oxygen in an acid-base геас- 
tion, yielding a new oxonium ion. 
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CH; н CH 
| | | 
G6—c—OH + H Q—C—OH 
| | 
CH; CH; 


The positively charged ether oxygen pulls the electrons in the 
oxygen-carbon bond toward itself, thus delocalizing the charge over 
both of the atoms. The partial positive charge on the carbon attracts 
the nonbonding electron pair from the oxygen of the OH group, 
allowing the electrons in the original oxygen-carbon bond to be 
released back to the more electronegative oxygen atom. 


[e] 


. PS "E" 


H 
| 
OQ —C—OH О C— OH OH ОН 
ООО 1 
CH CH; +CH; — C— CH 


Finally, a proton is lost from the protonated acetone molecule, lead- 
ing to the formation of acetone. 


Hg н сњ 
| 
| 


*OH б 


СНз — С — СНз > СНз — С — СНз + H* 


Reactions of Phenolic Hydrogen 


As noted earlier in this chapter, phenols are acidic because of the ease 
with which the oxygen atom will release the hydrogen bonded to it. 
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This section describes typical reactions that occur as a result of the 
acidity of phenols. 


Reactions with bases 
Because phenol is acidic, it reacts with bases to form salts. 


OH О Ма* 


+ NaOH — + H2O 


phenol sodium phenoxide 


Esterification of phenol 
Phenols form esters with acid anhydrides and acid chlorides. 


fi 
— СНз + СНз - C— OH 
+ СНз СНз 


phenol acetic ый phenylacetate 


| f 
—С-СН + HCl 
e - t СНз— оО СЕ 3 с 


рһепо! acetyl chloride phenylacetate chloride ion 
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Williamson ether synthesis 
Ethers are produced from phenol by the Williamson method via an 
Sy mechanism. 


OH О Na* O- CH; 
ОГ x С : сњо, ( ) + NaCl 
рһепо! Sodium phenylmethylether 

phenoxide (anisole) 


Reactions of Phenolic Benzene Rings 


The hydroxy group in a phenol molecule exhibits a strong activating 
effect on the benzene ring because it provides a ready source of elec- 
tron density for the ring. This directing influence is so strong that you 
can often accomplish substitutions on phenols without the use of a 
catalyst. 


Halogenation 

Phenols react with halogens to yield mono-, di-, or tri-substituted 
products, depending on reaction conditions. For example, an aqueous 
bromine solution brominates all ortho and para positions on the ring. 


OH OH 


Br 


2,4,6-tribromophenol 
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Likewise, you can accomplish monobromination by running the reac- 
tion at extremely low temperatures in carbon disulfide solvent. 


OH 
_ Bre , 
EE > 
-65? 


Nitration 
Phenol, when treated with dilute nitric acid at room temperature, 
forms ortho- and para-nitrophenol. 


OH 
Inu. Чү 
25 


phenol o-nitrophenol 


p-nitrophenol 


Sulfonation 

The reaction of phenol with concentrated sulfuric acid is thermody- 
namically controlled. At 25?C, the ortho product predominates while 
at 100°C, the para product is the major product. 
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О 


Н 
H 


© 
© 


SO;H 
OH OH 
SO;H 
H.SO, 
100° 
SO;H 


p-hydroxy benzene sulfuric acid 


Notice that at both 25? and 100°, initially an equilibrium is estab- 
lished. However, at the higher temperature, the equilibrium is 
destroyed and the more thermodynamically stable product is pro- 
duced exclusively. 


Kolbe reaction 
The reaction of a phenoxide ion with carbon dioxide to produce a car- 
boxylate salt is called the Kolbe reaction. 
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OH 
COOH 
1: . 1.00 ` 
2. ва 


The Kolbe Reaction progresses via а carbanion intermediate. 


Na* 
О Ма* :0:- o- 0 О Ма" 
o] H | H 
| | С=О С=О 
+ С — — 
| 
keto-enol 
Tautomerization 
Y 
OH OH 
C — OH H* C —O Na 
| | 
О О 


In this reaction, the electron deficient carbon atom in carbon dioxide 
is attracted to the electron rich л system of the phenol. The resulting 
compound undergoes keto-enol tautomerization to create the product. 
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Aryl Halides 


An aryl halide is a compound formed by the substitution of a halo- 
gen atom for a hydrogen atom on benzene. Another name for an aryl 
halide is halobenzene. 


Nomenclature 
Aryl halides are named by prefixing the name of the halogen to ben- 
zene. For example: 


Cl Br 


chlorobenzene bromobenzene iodobenzene 


Properties of aryl halides 

The physical properties of unsubstituted aryl halides are much like 
those of the corresponding alkyl halides. Thus, boiling points, melt- 
ing points, and solubilities of aryl halides are very similar to those of 
alkyl halides containing the same number of carbon atoms. 


Synthesis of Aryl Halides 


The two most common methods of preparing aryl halides are by 
direct halogenation of benzene and via diazonium salt reactions. 
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Halogenation of benzene 
The halogenation of benzene to synthesize aryl halides is the oldest 
method known. 


Cl 


АС 


+ Cl + HCl 


Sandmeyer reaction 

A second method for preparing aryl halides is the Sandmeyer reac- 
tion. During a Sandmeyer reaction, a diazonium salt reacts with 
copper (I) bromide, copper (1) chloride, or potassium iodide to form 
the respective aryl halide. The diazonium salt is prepared from ani- 
line by reaction with nitrous acid at cold temperatures. 


+ p 
МН» №СІ 
Мамо» 
НСІ 
0-5° 
aniline benzenediazoniumchloride 
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Br 
CuBr à N 
100* í 
bromobenzene 
+ 
№СІ а 
CuCl 4 N 
20-60° : 


chlorobenzene 


\ 


iodobenzene 


Reactions of Aryl Halides 


Following are some typical reactions of aryl halides. 


Grignard reaction 
Aryl halides form Grignard reagents when reacted with magnesium. 
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Br MgBr 


Mg 
ether 


bromobenzene phenylmagnesium bromide 


Substitution reaction 

Aryl halides are relatively unreactive toward nucleophilic substitution 
reactions. This lack of reactivity is due to several factors. Steric 
hindrance caused by the benzene ring of the aryl halide prevents S,2 
reactions. Likewise, phenyl cations are unstable, thus making S,1 
reactions impossible. In addition, the carbon-halogen bond is shorter 
and therefore stronger in aryl halides than in alkyl halides. The carbon- 
halogen bond is shortened in aryl halides for two reasons. First, the 
carbon atom in aryl halides is sp” hybridized instead of sp’ hybridized 
as in alkyl halides. Second, the carbon-halogen bond has partial 
double bond characteristics because of resonance. 


Because three of the four resonance structures show a double bond 
between the carbon and halogen atoms, the hybrid structure must 
have double bond character. 
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S,AR reactions 

Nucleophilic substitution reactions can occur with aryl halides, pro- 
vided that strong electron-withdrawing groups (deactivators) are 
located ortho and/or para to the carbon atom that’s attached to the 
halogen. (This arrangement makes the carbon susceptible to nucle- 
ophilic attack.) 


The examples below illustrate S, substitutions on deactivated aryl 


halides. 
OH 
МО» МО; 
_ NaHCO, 
+ OH Ao. 
130° 
o-nitroiodobenzene o-nitrophenol 
Br 
О» МО» 
= _NaHCO; _ 
+ OH на О 
40° 
МО; 
2,4,6-trinitrobromobenzene шы 


S,AR mechanism 

The S,AR mechanism is an addition-elimination mechanism that 
proceeds through a carbanion with delocalized electrons (a 
Meisenheimer complex). The following steps show the mechanism 
for the formation of p-nitrophenol from p-nitroiodobenzene. 
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1. The nitro group, a strong deactivating group, produces a par- 
tial positive charge on the carbon that bears the halogen atom 
in the aryl halide. 


É) (9 + 


М М М М 
ger a X я № ye 
6 :Q :Q :Q: iQ: :О :О: 


Because one of the resonance structures has а positive charge on the 
carbon attached to the halogen, this carbon acts as a weak nucleus. 


2. The hydroxide ion is attracted to the weak nucleus, forming a 
carbocation with delocalized electrons. 


МО» МО» 


carbanion 
(Meisenheimer Complex) 
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3. The complex eliminates an iodide ion to form a phenol. 


| OH Өн 


NO; NO; 


Elimination-addition reactions 

As noted earlier in this section, aryl halides generally do not undergo 
substitution reactions. However, under conditions of high tempera- 
ture and pressure, these compounds can be forced to undergo substi- 
tution reactions. For example, under high temperature and pressure, 
chlorobenzene can be converted into sodium phenoxide when reacted 
with sodium hydroxide. 


Cl О Ма* 


Маон 


350° 
ргеззиге 


Similarly, at а very low temperature, bromobenzene reacts with potas- 
sium amide (KNH,) dissolved in liquid ammonia to form aniline. 
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Br МН» 
_ —40° 
+ КН, мн + KBr 
bromobenzene aniline 


Mechanism for aniline formation 

The elimination-addition mechanism for the formation of aniline pro- 
ceeds via a benzyne intermediate. A benzyne is a benzene molecule 
that contains a theoretical triple bond. Thus, the following structure 
represents benzyne: 


benzyne 


A triple bond doesn’t exist in the true benzyne structure. The extra 
bond results from the overlap of sp’ orbitals on adjacent carbon atoms 
of the ring. The axes of these sp’ orbitals are in the same plane as the 
ring, and therefore, they don’t overlap with the т orbitals of the aro- 
matic system. Consequently, there’s little to no interference with the 
aromatic system. The additional bond is weak and benzyne is thus 
highly unstable and highly reactive. Figure 4-1 shows the true struc- 
ture of benzyne: 
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LV 


Figure 4-1 


The following four steps outline the mechanism for aniline 
formation. 


1. Anamide ion, a very strong base, removes a weak proton from 
the carbon that is alpha to the carbon bonded to the bromine. 


Br Br 
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2. Тһе carbanion electrons are stabilized by being attracted to the 
electronegative bromine, which results with the loss of a bro- 
mide ion. 


O-O- 


benzyne 


3. The highly unstable and very reactive benzyne reacts with a 
second amide ion, creating a new carbanion. 


NH2 


+ м, ——> 


4. The new carbanion abstracts a proton from an ammonia 
molecule in an acid-base reaction, leading to the formation of 
aniline. 


NH2 NH2 
Or МН. ———* OU мн, 
H 
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Alcohols 


Alcohols are hydroxy-substituted alkanes, alkenes, or alkynes in 
which the substitution occurs on a saturated carbon. 


The general formula for alcohols is К — OH, where the К group can 
represent the alkyl, alkenyl], or alkynal groups. In the case of substitu- 
tion on alkenes and alkynes, only saturated carbons may be substituted. 
For example, the following compounds are all alcohols: 


CH3- CH2- СН-ОНн нН„»С=СН-СН„-Он HC = С- CH; - OH 
ргорапо! 2—ргорепо! 2—ргорупо! 


If the hydroxyl group were substituted for а hydrogen оп ап unsatu- 
rated carbon, an alcohol would not form. For example, substituting 
the hydroxyl group for a terminal hydrogen of 1-ргорепе gives an 
unstable enol that tautomerizes to a ketone. 


keto-enol 
CH = CH— Сн» = H — C — CH; СНз 
| tautomerization | 
ОН O 
enol keto 
(unstable) (stable) 
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Nomenclature 

You can use both the common and IUPAC systems to name alcohols. 
In the common system, you name an alcohol by listing the alkyl group 
and adding the word alcohol. Following are some examples of alco- 
hols and their common names: 


СНз 
:OH СНз — i СН» 
CH;—CH,—ÜH | CH,— bi — CH; id 
ethyl alcohol isopropyl alcohol t-butyl alcohol 


In the IUPAC system, use the following series of rules to name 
alcohols: 


1. Pick out the longest continuous chain to which the hydroxyl 
group is directly attached. The parent name of the alcohol 
comes from the alkane name for the same chain length. Drop 
the -e ending and add -ol. 


2. Number the parent chain so that the carbon bearing the 
hydroxyl group has the lowest possible number. Place the 
number in front of the parent name. 


3. Locate and name substituents other than the hydroxyl group. 


The following examples show how you apply these rules: 


:Ӧн 
:ÓH CH; — pe CH; 
CH, — CH, — CH; — GH CH3 m i 
1-propanol 2-propanol 2-methyl-2-propanol 
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You may classify alcohols as primary (1°), secondary (2°), or tertiary 
(3°), based on the class of carbon to which the hydroxyl group (—OH) 
is directly bonded. For example, 1-propanol is a 1° alcohol, 2-propanol 
is a 2° alcohol, and 2-methyl-2-propanol is а 3° alcohol. 


Physical properties 
Alcohols contain both a polar —OH group and a nonpolar alkyl 
group. As a result of this composition, alcohols that have small alkyl 
chains tend to be water soluble. As alkyl chain length increases, water 
solubility decreases. 


Through the OH group, alcohols are capable of forming hydrogen 
bonds to themselves, other alcohols, neutral molecules, and anions. 
This bond formation leads to abnormally high boiling points com- 
pared to other organic molecules of similar carbon chain length. 


Synthesis of Alcohols 


Alcohols can be prepared by the hydration of alkenes or by the reduc- 
tion of aldehydes, ketones, acids, and esters. 


Hydration of alkenes 

The elements of water can be added to the double-bonded carbons of 
an alkene in either a Markovnikov’s or an anti-Markovnikov’s manner. 
As shown in the following figure, a hydrogen ion catalyzes the 
Markovnikov’s addition. 
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a 
CH, — CH=CH; + но > CH; — CH— CH, + CH, — CH; — CH, — OH 
propene 2-propanol 1-propanol 
(major product) (minor product) 


The anti-Markovnikov's addition results from a hydroboration- 
oxidation reaction. 


m CH; СН СНОН + CH; — CH— СН; 


(major product) OH 


СНз — СН = СН» + (СНз) ВН 
(minor product) 


You can find the mechanisms for both the Markovnikov’s and anti- 
Markovnikov’s addition of water in CliffsQuickReview Organic 
Chemistry I. 


О 
Reduction of aldehydes and ketones | 
An aldehyde has a structural formula of В-С-Н 


О 
| 


while the structural formula of a ketone is R- C-R' 


In these formulas, the R ог К^ group may be either an aliphatic or aro- 
matic group. In a ketone, ће К and R’ groups may represent the same 
group or different groups. These types of compounds are best reduced 
by complex metal hydrides, such as lithium aluminum hydride 
(11АІН.) or sodium borohydride (NaBH). 
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Following are two examples of complex metal reductions: 


О 
CH; — CH; — CH; Buc H LEAM > CH; — СН. — СН — CH; — OH 
butanol 2.H,0 1-butanol 
О Он 
dieci Е — ec 
2-butanone 2-butanol 


Lithium aluminum hydride is a very strong reducing agent that will 
reduce many functional groups in addition to aldehydes and ketones. 
Sodium borohydride is a much weaker reducing agent that basically 
will reduce only aldehydes and ketones to alcohols. 


You can also catalytically reduce aldehydes and ketones to produce 
1° and 2° alcohols. Reduction conditions are very similar to those 
used to reduce alkene double bonds. If a molecule possesses both a 
double bond and an aldehyde or ketone functional group, reduction 
of the aldehyde or ketone group is best carried out using sodium boro- 
hydride. The reduction of cyclohexanone by hydrogen gas with a 
platinum catalyst produces cyclohexanol in good yield. 


О 
| H OH 
НЫР 
> 
25Y 
cyclohexanone cyclohexanol 
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Reduction of carboxylic acids 
The reduction of a carboxylic acid: 


1 
R-C- OH 


leads to the formation of a primary alcohol: 


О 


I Ho 
R-C- OH > А – CH20H 


This reduction requires a very strong reducing agent, and lithium alu- 
minum hydride is the standard choice. 


О 
|| 1. LiAIH 
DH so 20H -— > бон 
Ether 
acetic acid ethanol 


Diborane, B.H., also reduces carboxylic acids to alcohols. 


О 
|| 1. ВН 
СНз = СН;-С-ОН THF СНз — СН; - CH2 - OH 
propionic acid 2 Ht propanol 


Catalytic hydrogenation gives very poor yields and is not usually used 
for this type of reaction. 
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Reduction of esters 

Esters, like carboxylic acids, are normally reduced with lithium 
aluminum hydride. In these reactions, two alcohols are formed. An 
example is the reduction of methyl benzoate to benzyl alcohol and 


methanol. 
| СНОН 
1. ЦАІН 
C — OCH; = “> 
r 
а + CH30H 
2. H20 
methyl benzoate benzyl alcohol 


Grignard reaction with aldehydes and ketones 

The Grignard reaction is the only simple method available that is 
capable of producing primary, secondary, and tertiary alcohols. To 
produce a primary alcohol, the Grignard reagent is reacted with 


formaldehyde. 
H 
| HCI 
CH3MgBr + H-C=0 > CH3- СН — ОН + Mg(Br)CI 
methyl magnesium formaldehyde ethanol 
bromide (1Yalcohol) 


(Grignard reagent) 


Reacting a Grignard reagent with any other aldehyde will lead to a 
secondary alcohol. 


1 n» 
СНзМоВг + CH3- CH > СНз = CH – СНз + Mg(Br)CI 
acetaldehyde 2-propanol 
(2Y alcohol) 
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Finally, reacting a Grignard reagent with a ketone will generate a ter- 
tiary alcohol. 


О СНз 
CH3MgBr + СНз | СНз > CH3 с СНз + Mg(Br)Cl 
acetone OH 
t-Butyl alcohol 
(3Y alcohol) 


Reactions of Alcohols 


Alcohols are capable of being converted to metal salts, alkyl halides, 
esters, aldehydes, ketones, and carboxylic acids. 


Metal salt formation 

Alcohols are only slightly weaker acids than water, with a K. value 
of approximately 1 x 10°. The reaction of ethanol with sodium metal 
(a base) produces sodium ethoxide and hydrogen gas. 


CH3- CH2- OH + Na > CH3- CH2- ONa* + H2 


This reaction is identical to the reaction of sodium metal with water. 
HOH + Ма —————> NaOH + He 


However, the latter reaction occurs faster because of the increased 
acidity of water (К. value of 1 x 10°). Likewise, similar reactions 
occur with potassium metal. 
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The acidity of alcohols decreases while going from primary to sec- 
ondary to tertiary. This decrease in acidity is due to two factors: an 
increase of electron density on the oxygen atom of the more highly- 
substituted alcohol, and steric hindrance (because of the alkyl groups, 
which inhibit solvation of the resulting alkoxide ion). Both of these 
situations increase the activation energy for proton removal. 


The basicity of alkoxide ions increases while going from primary to 
tertiary. This increase in basicity occurs because the conjugate base 
of a weak acid is strong. The weaker the acid, the stronger the conju- 
gate base. 


Alkyl halide formation 
Alcohols are converted to alkyl halides by S.1 and S.2 reactions with 
halogen acids. 


heat 

CHaCH;OH + HCl—— E сн -CHp -CI + HO (S2) 
CHs CH; 
| heat | 

im ер + HCl > СНз e СНз + H20 (Sy1) 
OH Cl 


Primary alcohols favor S.2 substitutions while 5,1 substitutions occur 
mainly with tertiary alcohols. 


A more efficient method of preparing alkyl halides from alcohols 
involves reactions with thionyl chloride (SOCL). 


heat 
CH3-CH,-OH + SOC — S сн, -CHp -CI + 50, + HCI 
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This reaction is rapid and produces few side reaction products. In 
addition, the sulfur dioxide and hydrogen chloride formed as byprod- 
ucts are gasses and therefore easily removed from the reaction. 
Mechanistically, the alcohol initially reacts to form an inorganic ester. 


6 О 
.. | | E 
RCH?ÓH + CI—S— CI В CH; OSCI + H* + :G: 


The chloride ion produced by this reaction, acting as a nucleophile, 
attacks the ester in an S,2 fashion to yield molecules of sulfur diox- 
ide, hydrogen chloride, and an alkyl halide. 


:0 
"a MEM 
H* + C: + CH2— 0 — S— Ck 
| МА 


ССНЬВ +:Ö= S= б: + НС: 
В 


Because the reaction proceeds mainly by an S.2 mechanism, the alkyl 
halide produced from an optically active alcohol will have the oppo- 
site relative configuration from the alcohol from which it was formed. 
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СНз СНз 57 
О. DS “реа” t? 5-5 
у = ea е 
H b d H . "d 
CH;CH,CH, | CH3CH,CH, {© 
:СІ: 
іоп раіг 
СНз „де H3C 
lo n qq 
Co 8 = — С—С: + SO, 
H H 
CH;CH;CH *#Ё CH;CH4CH; 
ion pair 


Because thionyl bromide is relatively unstable, alkyl bromides are 
normally prepared by reacting the alcohol with phosphorous tribro- 
mide (PBr,). 


СНз OH + РВгз > СНзВг + НзРОз 


This reaction proceeds via a two-step mechanism. In the first step, 
the alcohol reacts with the phosphorous tribromide. 


Br Br 

Pam | + | .. 

CH3— OH + | Вг > CH;—O—P+Br 
Вг | r 


The second step is an $,1 ог 5,2 substitution in which the bromide ion 
displaces the dibromophosphorous group. 
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ls 

© \ 

вг" С — 0 j oe + НОРВг, 
l Br 


In a similar manner, alkyl iodides are prepared by reacting an alco- 
hol with phosphorous triiodide. 


Ester formation 

Esters are compounds that are commonly formed by the reaction of 

oxygen-containing acids with alcohols. The ester functional group is 
[| 

the — С— ОН group. 

Alcohols сап be converted to esters by means of the Fischer 


Esterification Process. In this method, an alcohol is reacted with a 
carboxylic acid in the presence of an inorganic acid catalyst. 


Because the reaction is an equilibrium reaction, in order to receive a 
good yield, one of the products must be removed as it forms. Doing 
this drives the equilibrium to the product side. 


[| [| 
H* 
СНз — CH; — OH + CH;—C—OH == СН.С — OCH;CH; + H2O 
ethanol acetic acid ethylacetate 
(alcohol) (acid) (ester) 


The mechanism for this type of reaction takes place in seven steps: 
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1. The mechanism begins with the protonation of the acetic acid. 


| 
Ó ni 
CH;—C—OH + H* > CH4— C — OH 
|, 
C=O 
2. The m electrons of the carboxyl group, | , Migrate to 


pick up the positive charge. 


H 
| H 
:0* :O: 
j> | 
СНз — C — ОН =< > CH; — C — OH 


3. The oxygen of the alcohol molecule attacks the carbocation. 


Ki : n 
СНз— CH, — ОН + СН; С OH > ey ee 
CH3—CHs— Q—H 
+ 
4. The oxonium ion that forms loses a proton. 
OH чн 
CH4—C — OH > CH3;—C—OH А 
| +Н 
CHCH: — O-H CH3—CH2— О: 


7 
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5. One of the hydroxyl groups is protonated to form an oxon- 


ium ion. 
:бн Онон 
| oH | 
CH; | OH > СНз T OH 
+ 
CH¿CH;— О СН»СН„—О 


6. Ап unshared pair of electrons on another hydroxy group 
reestablishes the carbonyl group, with the loss of a water 


molecule. 
+ 
| b 
CH3 C OH > CH3 С + НО 
| (5 
СНз = Сн„— O OCH3CH2 


7. The oxonium ion loses a proton, which leads to the produc- 
tion of the ester. 


| 
Ж ———> CH;—C — OCH,CH; + Н" 
OCHsCH; 


Alkyl sulfonate formation. Alcohols may be converted to alkyl sul- 
fonates, which are sulfonic acid esters. These esters are formed by 
reacting an alcohol with an appropriate sulfonic acid. For example, 
methyl tosylate, a typical sulfonate, is formed by reacting methyl 
alcohol with tosyl chloride. 
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1 i 
СНОН + Cl E СНз > СНзО | CH; + HCI 
о о 
tosyl chloride methyl tosylate 
(p-toluene sulfonyl chloride) (methyl-p-toluene sulfonate) 


Other sulfonyl halides that form alkyl sulfonates include: 


brosyl 
О 
(s | = ) 
| 
mesyl 
O 
|оњ-5-х) 
L 
and trifyl 
О 
(евһ-Д—х) 
L 


These groups are much better leaving groups than the hydroxy group 
because they are resonance stabilized. Alcohol molecules that are going 
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to be reacted by S.1 or 5,2 mechanisms are often first converted to their 
sulfonate esters to improve both the rate and yield of the reactions. 


Formation of aldehydes and ketones. The oxidation of alcohols can 
lead to the formation of aldehydes and ketones. Aldehydes are formed 
from primary alcohols, while ketones are formed from secondary 
alcohols. 


Because you can easily further oxidize aldehydes to carboxylic acids, 
you can only employ mild oxidizing agents and conditions in the for- 
mation of aldehydes. Typical mild oxidizing agents include man- 


ganese dioxide (МпО.), Sarett-Collins reagent (CrO.—(C.H.N).), and 
pyridinium chlorochromate (PCC), 


NHCrO;CTI 
T 


Following are several examples of the oxidation of primary alcohols: 


Sarett's | 


СНз — CH; — OH > CH3— CH 
reagent 
ethanol ethanal 
25Y 
M | 
H,C—CH—CH,—OH —FO* , no. cu 6H 
25Y i 
allyl alcohol acrolein 
T 2 
PCC 
СНз — C — CH; — OH > CH3 — C — CH 
| 25Y | 
СНз СНз 


2,2-dimethyl-1-propanol 2,2-dimethylpropanal 
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Because ketones are more resistant to further oxidation than 
aldehydes, you may employ stronger oxidizing agents and higher 
temperatures. Secondary alcohols are normally converted to ketones 
by reaction with potassium dichromate (K.Cr.O.), potassium perman- 
ganate (KMnO), or chromium trioxide іп acetic acid 
(CrO/CH.COOH). Following are several examples of the oxidation of 
secondary alcohols: 


| 
CH, — CH — CH, et CH, C—CH 
2-propanol abe ropanone 
prop 765 prop 
їй | 
KM 
сн сн сн — cH, _“М10, сн, cH, —C—CH, 
HSO, 
2-butanol 2-butanone 
80Y 
OH О 
сњ — CH, бн — CH, 2-09, сн, сн, —C—CH 
2 CHCOOH Же 
2-butanol 2-butanone 


80Y 


Carboxylic acid formation. Upon oxidation with strong oxidizing 
agents and high temperatures, primary alcohols completely oxidize 
to form carboxylic acids. The common oxidizing agents used for 
these conversions are concentrated potassium permanganate or con- 
centrated potassium dichromate. Following are several examples of 
this type of oxidation: 
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О 
KMnO, | 
СНз — CH» — OH H;SO, » CHs в i 
ethanol 100Y ethanoic acid 
ia nd 0 
К>Ст>О. 
CH, — СН — CH; — OH > CH3— CH —C—OH 
H»SO, me 
2-methyl-1-propanol 100r 2-methylpropanoic acid 


Ethers 


Ethers are alkoxy (RO—)-substituted alkanes, alkenes, and alkynes. 
As with alcohols, only saturated carbon atoms may be substituted in 
alkenes and alkynes. 


CHsCH2CHs — 6 — CH; CH; = CH — CH; — © — СН» 
methyl propyl ether allyl methyl ether 
Nomenclature 


Ethers are commonly named by listing the names of the groups 
attached to the oxygen atom and adding the word ether. Examples 
include: 


O — СНз 
СНз = CH; — Q— CH. СНз — 0 — CH = СНз 
ethyl methyl ether methyl vinyl ether methyl phenyl ether 
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IUPAC nomenclature names ethers as alkoxy alkanes, alkoxy 
alkenes, or alkoxy alkynes. The group in the chain that has the great- 
est number of carbon atoms is designated the parent compound. In 
the case of aromatic ethers, the benzene ring is the parent compound. 


OCH 
СНз — СН, — 9 — СНз HC = CH — 0 — СН: 
methoxyethane methoxybenzene methoxyethene 


Cyclic ethers, oxygen-containing ring systems, are normally called 
by their common names. 


OG 


tetrahydrofuran 1,4-dioxane 


Physical properties 

The bonds between the oxygen atom and the carbon atoms of the 
alkyl groups in an ether molecule are polarized due to a difference in 
electronegativities between carbon and oxygen. In addition, the bond 
angle between the alkyl groups on the oxygen is 110°. These facts 
show that ether molecules must be dipoles (molecules having both a 
center of positive and negative charge) with weak polarities. Thus, 
the structure of ether is similar to that of water. 


nö 26 
o? 


Q 
ви а ‘sI N g 
50A, CH? 5 H? 
dimethyl ether water 


ORGANIC CHEMISTRY II 


97 


ALCOHOLS AND 
ETHERS 


However, in water the hydrogen atoms have a greater partial positive 
charge than the hydrogen atoms on ether. In water, the charge is 
localized (only on) the hydrogens and not delocalized (spread through- 
out) as with the alkyl groups, so the charge is stronger in water than in 
ethers. 


Like water, ether is capable of forming hydrogen bonds. However, 
because of the delocalized nature of the positive charge on the ether 
molecule’s hydrogen atoms, the hydrogens cannot partake in hydrogen 
bonding. Thus, ethers only form hydrogen bonds to other molecules 
that have hydrogen atoms with strong partial positive charges. 
Therefore, ether molecules cannot form hydrogen bonds with other 
ether molecules. This leads to the high volatility of ethers. Ethers are 
capable, however, of forming hydrogen bonds to water, which accounts 
for the good solubility of low molecular weight ethers in water. 


Table 5-1 shows boiling points for some simple ethers and the boiling 
points of alcohols of the same number of carbon atoms. Notice that due 
to the hydrogen bonding between alcohol molecules, all alcohols have 
appreciably higher boiling points than their isomeric ethers. 


Table 5-1: Boiling Points of Simple Ethers and Alcohols 


Ether Boiling Рой! (°С) —— Alcohol Boiling Point °C) 
CH.OCH, -25 CH.CH.OH 79 
Dimethylether Ethanol 

CH.OCH.CH. 11 CH.CH.CH.OH 82 
Methylethyether Propanol 

CH.CHOOCH.CH. 35 CH.CH.CH.CH.OH 117 
Diethylether Butanol 
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Synthesis of Ethers 


The sulfuric acid process and the Williamson method are both used 
to form ethers. 


Sulfuric acid process 
This method is used to make sterically hindered symmetrical ethers. 


d en CH, 
HSO " 
i NS Ll GR ee 
^ 
CH, CH, С 


The mechanism of the sulfuric acid process involves the following 
five steps. 


1. Sulfuric acid dissociates, giving a proton plus the bisulfate 
ion. 


HS0, == н“ + HSO; _ 


= 


2. The alcohol’s oxygen atom is protonated via an acid-base 
reaction, leading to the formation of an oxonium ion. 


Сн» CH, H 
ГГ. ii 
CHa —C—QH + HY — —- CH.-6— 0H 
+ 
СНз СНз 


ап охопіит іоп 
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3. The oxonium ion decomposes, generating a 3° carbocation 
and water. Because carbocations are planar, this decomposi- 
tion destroys the steric hindrance effect that the t-butyl group 


created. 
CH, H CH. 4 
| Al |, SN 
СНз б Q—H > CH3 б +H H 
+ 
CH3 CH3 


4. In this step, the acid-base reaction between the carbocation 
and a second molecule of alcohol takes place, which forms an 
oxonium ion. 


СНз СНз СНз СНз 
IX 3 | | & | 
Ga + НО С СНз > СНз T О | CH3 

H 
СНз СНз CH3 СН» 


5. Тһе oxonium ion liberates a proton to yield the ether. 


FS i s 

+ 

СНз | e СНз > СНз " б f СНз + H* 
CH; H СНз СНз СНз 


di-butyl ether 
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Williamson method 
The Williamson ether synthesis proceeds via ап 5,2 mechanism, in 
which an alkoxide ion displaces a halogen ion. 


CH4ONa* + CH4Cl ————> СН.ОСН. + Ма” + СГ 


This method cannot be used with tertiary alkyl halides, because the 
competing elimination reaction predominates. The elimination reac- 
tion occurs because the rearward approach that is needed for an S,2 
mechanism is impossible due to steric hindrance. An 5,1 mechanism 
is likewise unfavored, because as the 3° carbon attempts to become a 
carbocation, the hydrogens on the adjacent carbons become acidic. 
Under these conditions, the alkoxide ion begins to show less nucle- 
ophilic character and, correspondingly, more basic character. This 
basic character leads to an acid-base reaction, which results in the 
generation of an elimination product (an alkene). 


CH 
| p СНз 
CH,—C--X - | | 
. Б Е. :QCHs > CH4— C-CH» + X + CHOH 
= ыл 
н 


Reactions of Ethers 


Although ethers are relatively inert toward reaction, they usually 
show good solvent properties for many nonpolar organic compounds. 
This strong dissolving power coupled with low reactivity makes 
ethers good solvents in which to run reactions. 
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An acid-catalyzed cleavage that occurs when hydriodic acid (HI) mixes 
with ethers is the most significant reaction that ethers experience. This 
reaction proceeds via a nucleophilic substitution mechanism. Primary 
and secondary alkyl ethers react by an S.2 mechanism, while tertiary, 
benzylic, and alcylic ethers cleave by an S.1 mechanism. A typical S.2 
reaction would be the reaction of ethylisopropyl ether with HI. The 
mechanism for this reaction is: 


H=! H 
AN l^ 
CH3CH —Q — CH2CHs > | CH.CH—Q— CH;CHs| -c ~ CHsCH — OH 
| | | 2 | + ICH;CH; 
СНз СНз | 
more hindered less hindered 


Notice that for $,2 substitution, the alkyl halide came from the less 
sterically hindered group. For S.1 type reactions, the alkyl halide 
forms from the fragment of the original molecule that forms the more 
stable cation. Thus, the reaction of t-butyl ethyl ether with HI gives t- 
butyl iodide and ethyl alcohol. The following mechanism occurs: 


is i 
м S a d + OCH;CHs 
N 
Сн» Сн» 
| Ш 
Сн» 


сис — I + HOCH;CHs 


Notice that if the original ionization of the t-butyl ethyl ether formed 
a t-butoxide ion and an ethyl carbocation, this would be a less stable 
arrangement. (Remember, the order of stability of carbocations is 3° 
>2°> 1°.) 
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Aldehydes 


All aldehydes, except for formaldehyde, have a carbonyl group 
(C=O) attached to a hydrogen on one side and an alkyl or aryl group 
on the other side. Formaldehyde, the simplest aldehyde, has a hydro- 
gen on both sides of the carbonyl group. 


О 
| 
СН 
1 1 
H — CH CH3— CH 
methanal ethanal benzaldehyde 


(formaldehyde) (acetaldehyde) 


Nomenclature 

Aldehydes are named using either the common system or the IUPAC 
system. Aldehyde common names are derived from the common 
names of the corresponding carboxylic acid. For example: 


1 
CH 
| | 
СНз CH H — CH 
acetaldehyde formaldehyde benzaldehyde 
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The IUPAC system employs a series of rules to formulate compound 
names. The following rules explain how to name aliphatic aldehydes: 


1. Pick out the longest continuous chain of carbon atoms that 
contains the carbonyl group. 


2. The parent name comes from the alkane name of the same 
number of carbons. 


3. Drop the -e ending of the alkane name and add -al. 


4. Number the chain so that the carbonyl carbon has the lower 
possible number. 


5. Locate and name substituents. 


The following examples illustrate IUPAC naming: 


[| To] 
CH3;— CH CH3— CH — CH 
ethanal 2-methylpropanal 


In the IUPAC system, cyclic, aliphatic, and aromatic aldehydes are 
named by adding the word carbaldehyde to the name of the ring system. 


1 1 
CH CH 
benzenecarbaldehyde cyclopentanecarbaldehyde 
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Most chemists use the name benzaldehyde instead of benzenecar- 
baldehyde. Many texts and articles also use this alternate name. 


Physical properties 

Both aldehydes and ketones, which are described later in this chap- 
ter, have higher boiling points than hydrocarbons of similar chain 
lengths due to a greater degree of polarity and greater dipole-dipole 
interaction between molecules. Carbonyl groups cannot form strong 
intermolecular hydrogen bonds, so both aldehydes and ketones gen- 
erally boil at lower temperatures than their alcohol analogues. 
However, aldehydes and ketones of low molecular weight do form 
strong hydrogen bonds with water, leading to good solubility. 


Structure of the carbonyl group 

In both aldehydes and ketones, the carbonyl group, with its attached 
hydrogen atom, alkyl group, or aryl group, lies in a plane with all 
bond angles close to 120°. The bond length of the carbon-oxygen 
double bond is significantly shorter than the average bond length of a 
carbon-oxygen single bond in alcohols or ethers. This factor makes 
the carbonyl group polar. Both aldehydes and ketones have dipole 
moments that are substantially greater than those of analogues with 
carbon-carbon double bonds. For example, 1-butene shows a dipole 
moment of 0.3 debye units (0.3 D), while propanol has a dipole 
moment of 2.5 D. 


Synthesis of Aldehydes 


Aldehydes can be prepared via a number of pathways. Some of the 
common methods are explained here. 
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The oxidation of primary alcohols 
Primary alcohols can be oxidized by mild oxidizing agents, such as 
pyridinium chlorochromate (PCC), to yield aldehydes. 


сла 
CegHsNHCrO3CIPCC 
сн,—сн„—он —СННСГОЗОРСО) сн 
СНЬСЬ 
ethanol ethanal 


The use of strong oxidizing agents would lead to the fully-oxidized 
product (carboxylic acid). 


The reduction of acyl chlorides, esters, and nitriles 

Reduction by mild reducing agents converts acyl chlorides, esters, 
and nitrites into aldehydes. The reducing agents of choice are usually 
lithium tri-tert-butoxy aluminum hydride (LATB—H) and diisobuty- 
laluminum hydride (DIBAL—H). Following are the structures for 
these compounds: 


СНз 
= EN Dici 
жн. | нА 
Li И CH,CH—CH; 
OC(CH3)s CH, 


lithium tri-tert-butoxyaluminum hydride diisobutylaluminum hydride 
(LATB-H) (DIBAL-H) 


Acyl chloride reduction 
Acyl chlorides can be reduced by reacting them with lithium tri-tert- 
butoxyaluminum hydride at -78°C. 
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о 
|| 1. LATB-H || 
R—C = R—C—H 
еїһег 
-78Y 
2. НО 


Following is а typical reduction of an aromatic compound employ- 
ing this reagent. 


c= 1. LATB-H с=о 
| ether | 
Cl i id H 
2. H2O 
benzoyl chloride benzaldehyde 


The mechanism for acid chloride reduction proceeds via a hydride- 
ion transfer from the reducing agent to the acid chloride. The follow- 
ing steps summarize this mechanism. 


1. An acid-base reaction occurs between an electron pair on the 
oxygen of the carbonyl group and the aluminum atom of the 


LATB—H. 
ЖОМ d = 
Я" Al[Oc(CH3)ge y: ОНУ 
R—C | —>|R—C H 
> H Nas 
:СЕ Gk 
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2. А hydride ion is transferred to the carbonyl carbon with а cor- 
responding movement ofthe л electrons of the carbonyl group 
to the carbonyl oxygen. 


6: — АЦОс(СНз)з] П 
R—C i > |R—C—H 
\ | 
Cl e 


3. Achloride ion is liberated with anchiomeric assistance from 
an electron pair on the carbonyl oxygen. 


CO—Al[Oc(CHs)sle 'O—AI[Oc(CH3)al 


R—C—H c et 


R—C—H 
E 


4. Thealuminum complex is hydrolyzed by the addition of water 
to form the aldehyde. 


+. m O 
о HO 


R—C—H 


у 
D 
О 
L 


Ester and nitrile reduction 

You can use diisobutylaluminum hydride to reduce both esters and 
nitriles to aldehydes. Typical examples are the reduction of ethyl 
ethanoate (ethyl acetate) and ethanenitrile (acetonitrile) to ethanal 
(acetaldehyde). 
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| 1. DIBAL-H | 


СН — C— Q— CH; — СНз ——————> CH;—CH 
Hexane 
2. H;O 
1. DIBAL-H | 
CH;— С== № > CH4—CH 
Нехапе 
2.H,O 


The mechanism for both of these reactions is very similar to the 
mechanism for the reduction of acyl chlorides by LATB—H. The first 
step is an acid-base reaction between an unshared electron pair on 
oxygen or nitrogen with the aluminum atom of the DIBAL—H. The 
second step is the transfer of a hydride ion from the DIBAL—H to 
the carbon atom of the carbonyl or nitrile group. The last step is the 
hydrolysis of the aluminum complex to form the aldehyde. 


Ozonolysis of alkenes 

Alkenes in which the carbon(s) of the double bond possess one or 
more hydrogen atoms react with ozone (О,) to generate aldehydes. 
The reaction of propene with ozone to form acetaldehyde and 
formaldehyde illustrates this method of preparation. 


H* | 
CH3— CH = СН» Os > СНз— СН CH, ——- CH3—CH + H;C—O 


0—0 


an ozonide 
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Hydroboration of terminal alkynes 

Terminal alkynes react rapidly with borane to produce an intermedi- 
ate compound that is easily oxidized to an aldehyde. For example, 
you can produce pentenal by reacting pentyne with borane and oxi- 
dizing the resulting intermediate with aqueous hydrogen peroxide. 


Ketones 


Ketones are compounds in which an oxygen atom is bonded to a car- 
bon atom, which is itself bonded to two or more carbon atoms. 


ў» Ї 
с=о C 
О 
| 
CH;—CH,—C — СНз 
2-butanone 1-phenylethanone diphenyl methanone 
(methyl ethyl ketone) (methyl phenyl ketone) (diphenyl ketone) 


Nomenclature 

Like aldehydes, ketones can be named using either the common sys- 
tem or the IUPAC system. In the common system, ketones names are 
created by naming the groups attached to the carbonyl carbon and 
then adding the word ketone. Following are several examples: 


о 
сн, | 
он, 
TE CH; —CH; —CH;— С=0 Hs 
ethyl methyl ketone phenyl propyl ketone phenyl p-tolyl ketone 
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The five IUPAC rules previously outlined in the “Nomenclature” sec- 
tion for aldehydes also apply to ketones, with one exception: After 
dropping the -e ending of the alkane name, you add -one for ketones 
(rather than -al, which designates aldehydes). 


0 СНз СНз 9 
| 
СНз — CH; — CH; — C i СНз СНз — CH— C— CH3 
СНз 
2,2-dimethyl-3-hexanone 3-methyl-2-butanone 


In the IUPAC system, aromatic ketones are considered benzene- 
substituted aliphatic ketones. 


© oro 


1-phenylethanone diphenyl methanone 


Many aromatic compounds retain their common names in the IUPAC 
system. Following are two such examples: 


© О © 


acetophenone benzophenone 
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Synthesis of Ketones 


Like aldehydes, ketones can be prepared in a number of ways. The 
following sections detail some of the more common preparation 
methods: the oxidation of secondary alcohols, the hydration of 
alkynes, the ozonolysis of alkenes, Friedel-Crafts acylation, the use 
of lithium dialkylcuprates, and the use of a Grignard reagent. 


Oxidation of secondary alcohols 

The oxidation of secondary alcohols to ketones may be carried out 
using strong oxidizing agents, because further oxidation of a ketone 
occurs with great difficulty. Normal oxidizing agents include potas- 
sium dichromate (K.Cr.O,) and chromic acid (H.CrO.). The conver- 
sion of 2-propanol to 2-propanone illustrates the oxidation of a 
secondary alcohol. 


i 
CH3—CH—CH3 


K,Cr,0 | 
“=” > CH3—C—CH3 


A 


Hydration of alkynes 

The addition of water to an alkyne leads to the formation of an unsta- 
ble vinyl alcohol. These unstable materials undergo keto-enol 
tautomerization to form ketones. The hydration of propyne forms 
2-propanone, as the following figure illustrates. 


mg О 
но _|CH3—C=CH || 
CH3—C=CH———>| 9? | ^"? а CH3—C—CH 
B OH 
unstable 2-propanone 
enol structure (stable product) 
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Ozonolysis of alkenes 

When one or both alkene carbons contain two alkyl groups, ozonoly- 
sis generates one or two ketones. The ozonolysis of 1,2-dimethyl 
propene produces both 2-propanone (a ketone) and ethanal (an 
aldehyde). 


1.0 | | 
T > СНз—С—СНз + CH3—C—H 


СНз v — CH — СНз 
CH3 


Friedel-Crafts acylation 

Friedel-Crafts acylations (see Chapter 2) are used to prepare aromatic 
ketones. The preparation of acetophenone from benzene and acetyl 
chloride is a typical Friedel-Crafts acylation. 


| i 
CH,—C—0 C — сн, 
АІС} 


Lithium dialkylcuprates 

The addition of a lithium dialkylcuprate (Gilman reagent) to an acyl 
chloride at low temperatures produces a ketone. This method pro- 
duces a good yield of acetophenone. 


ў 1 
C—C C — Ch; 
(CH3;CuL i 
-78Y 
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Grignard reagents 

Hydrolysis of the salt formed by reacting a Grignard reagent with a 
nitrile produces good ketone yields. For example, you can prepare 
acetone by reacting the Grignard reagent methyl magnesium bromide 
(CH.MgBr)with methyl nitrile (СНзС == №) . 


CHgMgB | њо | 
= "> CHs—C —CHs — —- CHs—C—CHs 


Reactions of Aldehydes and Ketones 


Aldehydes and ketones undergo a variety of reactions that lead to many 
different products. The most common reactions are nucleophilic addi- 
tion reactions, which lead to the formation of alcohols, alkenes, diols, 
cyanohydrins (RCH(OH)C=N), and imines (АгС —NH), to mention 
a few representative examples. 


Reactions of carbonyl groups 

The main reactions of the carbonyl group are nucleophilic additions 
to the carbon-oxygen double bond. As shown below, this addition 
consists of adding a nucleophile and a hydrogen across the carbon- 
oxygen double bond. 


СНз Н+ А R R R СНз — О: CH3;—O 
О ых 
/ X 
CH, H 
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Due to differences in electronegativities, the carbonyl group is polar- 
ized. The carbon atom has a partial positive charge, and the oxygen 
atom has a partially negative charge. 


5 
|| 
С 
"4 $N 
R R 


Aldehydes are usually more reactive toward nucleophilic substitu- 
tions than ketones because of both steric and electronic effects. In 
aldehydes, the relatively small hydrogen atom is attached to one side 
of the carbonyl group, while a larger R group is affixed to the other 
side. In ketones, however, R groups are attached to both sides of the 
carbonyl group. Thus, steric hindrance is less in aldehydes than in 
ketones. 


Electronically, aldehydes have only one R group to supply electrons 
toward the partially positive carbonyl carbon, while ketones have two 
electron-supplying groups attached to the carbonyl carbon. The 
greater amount of electrons being supplied to the carbonyl carbon, 
the less the partial positive charge on this atom and the weaker it will 
become as a nucleus. 


Addition of water 
The addition of water to an aldehyde results in the formation of a 


hydrate. 
| id 
Coy on Р20 Gis С H 
OH 
hydrate 
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The formation of a hydrate proceeds via a nucleophilic addition 
mechanism. 


1. Water, acting as a nucleophile, is attracted to the partially 
positive carbon of the carbonyl group, generating an 
oxonium ion. 


0 x 
О: б О: 
| ZN | 
CH3 нен] Н > СНз | Н 
EN 
о’ 
LS 
H 


2. Тһе oxonium ion liberates a hydrogen ion that is picked up by 
the oxygen anion in an acid-base reaction. 


| 
aum m Н = CH3—C—H 


о) :OH 
н и 


Small amounts of acids and bases catalyze this reaction. This occurs 
because the addition of acid causes a protonation of the oxygen of the 
carbonyl group, leading to the formation of a full positive charge on 
the carbonyl carbon, making the carbon a good nucleus. Adding 
hydroxyl ions changes the nucleophile from water (a weak nucle- 
ophile) to a hydroxide ion (a strong nucleophile). Ketones usually do 
not form stable hydrates. 


Addition of alcohol 
Reactions of aldehydes with alcohols produce either hemiacetals (a 
functional group consisting of one —OH group and one —OR group 
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bonded to the same carbon) or acetals (a functional group consisting 
of two —OR groups bonded to the same carbon), depending upon 
conditions. Mixing the two reactants together produces the hemiac- 
etal. Mixing the two reactants with hydrochloric acid produces an 
acetal. For example, the reaction of methanol with ethanal produces 
the following results: 


OH 
[ А | 
CH3 — CH + CH3 — OH > CH3—C—H 
OCH3 
a hemiacetal 
ў {с 
CH3 — CH + CH3 — ОН + НС! ^ > СНз c H 
OCH3 
an acetal 


A nucleophilic substitution of an OH group for the double bond 
of the carbonyl group forms the hemiacetal through the following 
mechanism: 


1. Ап unshared electron pair on the alcohol’s oxygen atom 
attacks the carbonyl group. 


ў | 
+ 
CH3 — C —H + HO—CH3 > СНз T g CH3 
H H 
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2. The loss of a hydrogen ion to the oxygen anion stabilizes the 
oxonium ion formed in Step 1. 


i T 
Eu oe 
СНз A ui о CHs БЕ 
н H H 


The addition of acid to the hemiacetal creates an acetal through the 
following mechanism: 


1. The proton produced by the dissociation of hydrochloric acid 
protonates the alcohol molecule in an acid-base reaction. 


| 
CH3QH + H* ——> CH3QH 
+ 


2. An unshared electron pair from the hydroxyl oxygen of the 
hemiacetal removes a proton from the protonated alcohol. 


BS +]. 
SN :OH 


" H | „ - 
CH3 m ОСНз + НО — СНз > CH3 ii ОСНз + CH3QH 
+ 
H H 
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3. The oxonium ion is lost from the hemiacetal as a molecule of 


water. 
H 
+ 
OH 
=] A + " 
CH3 | OCH3 > СНз > 


H H 


4. Asecond molecule of alcohol attacks the carbonyl carbon that 
15 forming the protonated acetal. 


i 
‘OH 
E S | z 
or + CH30H > CH3 yi OCH3 
H H 


5. The oxonium ion loses a proton to an alcohol molecule, liber- 
ating the acetal. 


CH3 
+l " 
d xm re 
1. M Е Н 
KL M E + CH3OH > СНз ¢ OCH3 + CH3QH 
+ 
H H 
Stability of acetals 


Acetal formation reactions are reversible under acidic conditions but 
not under alkaline conditions. This characteristic makes an acetal an 
ideal protecting group for aldehyde molecules that must undergo fur- 
ther reactions. A protecting group is a group that is introduced into 
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a molecule to prevent the reaction of a sensitive group while a reac- 
tion is carried out at some other site in the molecule. The protecting 
group must have the ability to easily react back to the original group 
from which it was formed. An example is the protection of an alde- 
hyde group in a molecule so that an ester group can be reduced to an 
alcohol. 


| 1 Tes m 
H3OH 
H—C—CH2—C —OCH3 z — >H с CH2—C — O — CH3 
A OCH3 


In the previous reaction, the aldehyde group is converted into an 
acetal group, thus preventing reaction at this site when further reac- 
tions are run on the rest of the molecule. 


iia | 

1. ЦАН Ё 

НА н—с— сне — CHa0H — > H—C— CH2CH20H 
ether | H20 

2. H20 OCH3 А 


Notice in the previous reaction that the ketone carbonyl group has 
been reduced to an alcohol by reaction with LiAIH.. The protected 
aldehyde group has not been reduced. Hydrolysis of the reduction 
product recreates the original aldehyde group in the final product. 


Addition of hydrogen cyanide 

The addition of hydrogen cyanide to a carbonyl group of an aldehyde 
or most ketones produces a cyanohydrin. Sterically hindered ketones, 
however, don't undergo this reaction. 
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? OH 


CH3 — CH2 — CH + HCN = СНзСН2С — H 
propanal eu 


Ї i 
CH3— C— СНз + НСМ ~a —— Mat — CH3 


acetone CN 


The mechanism for the addition of hydrogen cyanide is a straightfor- 
ward nucleophilic addition across the carbonyl carbony oxygen bond. 


Addition of ylides (the Wittig reaction) 

The reaction of aldehydes or ketones with phosphorus ylides pro- 
duces alkenes of unambiguous double-bond locations. Phosphorous 
ylides are prepared by reacting a phosphine with an alkyl halide, 
followed by treatment with a base. Ylides have positive and negative 
charges on adjacent atoms. 


Cl Cl CHs 

| buli tolo 

(СвН5)зР: + CH3—CH—CH3 > НЕ (CgHs)3P— C: 
triphenylphosphine 2-chloropropane buts 


The following illustration shows the preparation of 2-methylbutene 
by a Wittig reaction. 


? сг CHs Vis 
СНз— СН + (СеН5)зР e. > СНз— СНо— С = CH2 + О=Р(С6Н5)з 
acetaldehyde CH3 2-methylbutene — triphenyl phosphine 


oxide 


dimethyltriphenylphosphonium 
chloride anion 
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Addition of organometallic reagents 

Grignard reagents, organolithium compounds, and sodium alkynides 
react with formaldehyde to produce primary alcohols, all other alde- 
hydes to produce secondary alcohols, and ketones to produce tertiary 
alcohols. 


о он 
55 | т | 
R—MgX + R- C -H(R) — > R-C—H(P) 
R 
о он 
ss | " | 
R—Li+ R—C—H(R) “> R—C—HIR) 
H 
т т" 
R—C-CNa' + R-C —H(R) -H— в C2 C—C-—H(R) 


Addition of ammonia derivatives 
Aldehydes and ketones react with primary amines to form a class of 
compounds called imines. 


? H 
R—C—H(R) + HN—R —— R—N- C + HO 
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The mechanism for imine formation proceeds through the following 
steps: 


1. An unshared pair of electrons on the nitrogen of the amine is 
attracted to the partial-positive carbon of the carbonyl group. 


6 :ӧг 
i> | 
СН + НА m R-0-H 
МН —R 
d 


2. Aproton is transferred from the nitrogen to the oxygen anion. 


DE н 

R—C—H(R) а n-06-Hh) 
NH,—R NH—R 
hh 


3. The hydroxy group is protonated to yield an oxonium ion, 
which easily liberates a water molecule. 


H 
zs 4l 
PS :OH 
ясн) НО „д C—H(P) 
NHR NHR 


4. Anunshared pair of electrons on the nitrogen migrate toward 
the positive oxygen, causing the loss of a water molecule. 


+H 
ү” 
R—C—H(R) >R T Н + HO 
NHR N—HR 
+ 
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5. A proton from the positively charged nitrogen is transferred 
to water, leading to the imine’s formation. 


R—¢ к ка c H +H,0* 
N —H :М— А 


| 


Imines of aldehydes are relatively stable while those of ketones are 
unstable. Derivatives of imines that form stable compounds with 
aldehydes and ketones include phenylhydrazine, 2,4-dinitrophenyl- 
hydrazine, hydroxylamine, and semicarbazide. 


О 
| РА - 
R—C—H(R)+ NH — NH; > R—-C—H(R) 
| 
C) N 
| 


:N 

: | 

phenylhydrazine H 

phenylhydrazone 
МО; а AR NO2 
О T 
[| TES 
R — C — H(R) + HoN — NH C) NO; > - O% МО; 
Н 
2,4-dinitrophenylhydrazine 2,4-dinitrophenylhydrazone 
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О 
R-C— H(R) + НМОН ——- А — C — H(R) 
hydroxylamine 4 
“он 
oxime 
9 | 
R—C—H(R) + HÑÑH-C-ÑH2 SR =н) 
semicarbazide N 
:N—H 
C-o 
NH, 


semicarbazone 


Oximes, 2,4-dinitrophenylhydrazones, and semicarbazones are often 
used in qualitative organic chemistry as derivatives for aldehydes and 
ketones. 


Oxidations of aldehydes and ketones 

Aldehydes can be oxidized to carboxylic acid with both mild and strong 
oxidizing agents. However, ketones can be oxidized to various types of 
compounds only by using extremely strong oxidizing agents. Typical 
oxidizing agents for aldehydes include either potassium 
permanganate (КМпО.) or potassium dichromate (K.Cr.O.) in acid 
solution and Tollens reagent. Peroxy acids, such as peroxybenzoic acid: 


| 
(CgHsC — OOH) are used to oxidize ketones. 
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О 
| KMnO, 
e C —H Т oe OH 
H 
(@) ^ 
benzaldehyde benzoic acid 
i т 
Ag(NH3)sCI 
сен о, CJ сон 
- Tollens reagent 
cyclohexanecarbaldehyde cyclohexanoic acid 
О 
осн сњо саж обон 
е з: сњо s 
cyclohexylmethylketone cyclohexylacetate 


Baeyer-Villiger oxidation is a ketone oxidation, and it requires the 
extremely strong oxidizing agent peroxybenzoic acid. For example, 
peroxybenzoic acid oxidizes phenyl methyl ketone to phenyl acetate 
(an ester). 
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1 
о C.Hs;C — O— OH 
[ 


(peroxy benzoic acid) 


C — CH; > O—C—CH, 
or 


phenyl methyl ketone phenylacetate 


Aldol reactions 

In addition to nucleophilic additions, aldehydes and ketones show an 
unusual acidity of hydrogen atoms attached to carbons alpha (adja- 
cent) to the carbonyl group. These hydrogens are referred to as © 
hydrogens, and the carbon to which they are bonded is ап © carbon. 
In ethanal, there is one © carbon and three о hydrogens, while in ace- 
tone there аге two & carbons and six © hydrogens. 


о-сагропѕ 
H H 


| 
н-с=с-о н 
Н 


Н 
a-carbon 
ethanal 
acetone 


a-hydrogens 


он 

l 
с-н 

Н 


a-hydrogens 


Although weakly acidic (К. 10" to 10°), œ hydrogens can react with 
strong bases to form anions. The unusual acidity of о hydrogens can 
be explained by both the electron withdrawing ability of the carbony 
group and resonance in the anion that forms. The electron withdraw- 
ing ability of a carbonyl group is caused by the group’s dipole nature, 
which results from the differences in electronegativity between car- 
bon and oxygen. 
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The anion formed by the loss of an œ hydrogen can be resonance sta- 
bilized because of the mobility of the л electrons that are on the adja- 
cent carbonyl group. 


бон | 5: Е :б: 
| | -Он ү, | 
R=C G H > ВС | H^ » В — С = T H 
H H H 
keto enol 


The resonance, which stabilizes the anion, creates two resonance 
structures — an enol and a keto form. In most cases, the keto form is 
more stable. 


Halogenation of ketones 
In the presence of a base, ketones with о hydrogens react to form © 
haloketones. 


| A 
i А | 
R p —9H.,n-c—c-g 
| Вгә | 
H R 


Likewise, when methyl ketones react with iodine in the presence of a 
base, complete halogenation occurs. 


i a |] 
on Berek ) 
2 
H | 
methyl phenyl ketone triiodomethyl phenyl ketone 
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The generation of sodium hypoiodate in solution from the reaction of 
iodine with sodium hydroxide leads to the formation of iodoform and 
sodium benzoate, as shown here. 


| | T 
os —— ppc C—O Ма" 
2 
| | 
iodoform sodium benzoate 


Because iodoform is a pale yellow solid, this reaction is often run as 
a test for methyl ketones and is called the iodoform test. 


Aldol condensation 

Aldehydes that have о hydrogens react with themselves when mixed 
with a dilute aqueous acid or base. The resulting compounds, B- 
hydroxy aldehydes, are referred to as aldol compounds because they 
possess both an aldehyde and alcohol functional group. 


О ОН 
| -OH | | 
СНз — CH > СН: — CH — СН, — CH 
H2O 
ethanal 3-hydroxybutanal 


The aldol condensation proceeds via a carbanion intermediate. The 
mechanism of base-catalyzed aldol condensation follows these steps: 


1. The base removes ап © hydrogen. 


H | H 
H—C—C=0 +:0H —— е сш 
H H 
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2. The carbanion undergoes nucleophilic addition with the car- 
bonyl group of a second molecule of ethanal, which leads to 
formation of the condensation product. 


H H H H ÖF H 

| ol VWs | | | | 
H— m C 08+ :CH, С=О >H С Ç CH—C=0 

н. ы / нон 


3. А reaction with water protonates the alkoxide ion. 


eo ИКС. ee al 
H—G—C—CH.— 6-0 + HOH и + OH 
H H H H 


If the aldol is heated in basic solution, the molecule can be dehydrated 
to form an © -unsaturated aldehyde. 


OH H H 
| он | 
СНз b CH;— С=О * > СНз Fg С=О 
H H H 


Cross-aldol condensation 

An aldol condensation between two different aldehydes produces a 
cross-aldol condensation. If both aldehydes possess © hydrogens, а 
series of products will form. To be useful, a cross-aldol must be run 
between an aldehyde possessing an © hydrogen and a second alde- 
hyde that does not have © hydrogens. 


“OH 
(СНЭзССНО + CHgCHO o (СНз)зССН = CHCHO 
2 
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Ketonic aldol condensation 

Ketones are less reactive towards aldol condensations than alde- 
hydes. With acid catalysts, however, small amounts of aldol product 
can be formed. But the Aldol product that forms will rapidly dehy- 
drate to form a resonance-stabilized product. This dehydration step 
drives the reaction to completion. 


О СНз О СНз О 

ll H* | ll н? | | 
CH; — C — СН жа СНз T CH; — € — СНз > СНз — C —CH— C — СНз 
2-propanone OH 4-methyl-3-pentene-2-one 


4-hydroxy-4-methyl-2-pentanone 


The acid-catalyzed aldol condensation includes two key steps: the 
conversion of the ketone into its enolic form, and the attack on a pro- 
tonated carbonyl group by the enol. The mechanism proceeds as 
follows: 


1. The oxygen ofthe carbonyl group is protonated. 


2. A water molecule acting as a base removes an acidic & hydro- 
gen, which leads to an enol. 


H *OH H :ÓH 
| m | | 
HD DU SN. <=” H—C-—C-CH;- ЊО 
е 
б 
ZN 
H H 
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3. The enol attacks a protonated carbonyl group of a second 
ketone molecule. 


*5OH OH 
Гале нӧн | | 2 
CH3CCHs5 + o7 H = СНз С CH2 С СНз + H30 
| | 
СН» = EN CH3 
CH3 


Cyclizations via aldol condensation 
Internal aldol condensations (condensations where both carbonyl 
groups are on the same chain) lead to ring formation. 


т 
С == CH3 
O О 
| | 30H 
CH3CCH;CH;CH;CH;CH5C =H 


The mechanism for cyclization via an aldol proceeds through an eno- 
late attack on the aldehyde carbonyl. 


1. The hydroxy ion removes a hydrogen ion © to the ketone 


carbonyl. 
A т 
онњ — C — CHsCHsCHsCHs -C — H + ОН - 
H 
O H О 


| | 
СНС — С — CH;CH;CH;CH; — C —H + Но 
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2. The enolate ion attacks the aldehyde carbonyl, closing the 


ring. 
о ЮО 
о н о CH3C 
CH3C — С — СНСНСН,СН, = С — Н > 


3. The alkoxide ion abstracts a proton from water in an acid-base 
reaction. 


о Kog о OH 
СНзС СНС 
+ НН 


4. The base removes a hydrogen ion to form а resonance- 
stabilized molecule. 


OH о 
H | 
СНз = С CH3— С 
[ 
O чо + Н2О 
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The benzoin condensation 

Aromatic aldehydes form a condensation product when heated with 
a cyanide ion dissolved in an alcohol-water solution. This condensa- 
tion leads to the formation of о hydroxy ketones. 


| OH O 
C—H | |] 
см ~ 
H5O0/C;H5OH H 
heat 
benzaldehyde benzoin 


The cyanide ion is the only known catalyst for this condensation, 
because the cyanide ion has unique properties. For example, cyanide 
ions are relatively strong nucleophiles, as well as good leaving 
groups. Likewise, when a cyanide ion bonds to the carbonyl group of 
the aldehyde, the intermediate formed is stabilized by resonance 
between the molecule and the cyanide ion. The following mechanism 
illustrates these points. 


The benzoin condensation reaction proceeds via a nucleophilic sub- 
stitution followed by a rearrangement reaction. 


1. Thecyanide ion is attracted to the carbon atom of the carbonyl 
group. 


23 :б: 


OF E 

LY : 
C—H ШЕ: e 
«== CEN «== C=N 
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2. The carbanion is resonance-stabilized. 


Н 
С 
a | 
C=N ZN 
U NE 


3. The carbanion attacks a second molecule of benzaldehyde. 


idi 


O : 

| | 

are c—c 
CEN + | | 
C=N н 


4. The alkoxide ion removes a proton from the hydroxide group. 


5. А pair of electrons оп the alkoxide ion are attracted to the car- 
bon bonded to the cyanide group, which then leaves to gener- 
ate the product. 


= О = О 


H 


1-0-0 


ALDEHYDES AND 
KETONES 


136 CLIFFSQUICKREVIEW 


СНАРТЕВ 7 


CARBOXYLIC ACIDS AND THEIR DERIVATIVES 


Introduction 
Carboxylic acids are compounds that contain the carboxyl group: 
© 
lo., 
—C—QH 


These compounds and their common derivatives make up the bulk of 
organic compounds. Their common derivatives include acid halides: 


1 
—0C—X 
acid anhydrides: 
О О 
|| || 
—C—O—C—R 
esters: 
© 
—C—OR 
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and amides: 


— C — МН, 


Nomenclature of carboxylic acids 
Two systems are used for naming carboxylic acids: the common sys- 
tem and the IUPAC system. 


Common names for carboxylic acids are derived from Latin or Greek 
words that indicate one of their naturally occurring sources. Table 7-1 
lists the common name, structure, source, and etymology for some 
common carboxylic acids. 


Table 7-1: Common Names of Carboxylic Acids 


Name Structure Source Etymology 
О 
Еогтїс | Ant Formica 
acid H—C—OH (Latin) 
О 
Асейс | Vinegar Асешт 
ас1а CHs—C—OH (Latin) 
О 
Вшупс | Butter — Butyrum 
acid CH3— CH»? — CH»; — C — OH (Latin) 
О 
Caproic | Goat Caper 
acid CH3— CH2— СН — CH2— СН — C — OH (Latin) 
О 
Steric | Tallow Steak 
acid By (е ce Oh (Greek) 
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Employ the following steps to derive the IUPAC name for a car- 
boxylic acid: 


1. Pick out the longest, continuous chain of carbon atoms that 
contains the carboxyl group. The parent name for the com- 
pound comes from the alkane name for that number of carbon 
atoms. 


2. Change the -e ending of the alkane name to -oic and add the 
word “acid.” 


3. Locate and name any substituents, labeling their placement by 
numbering away from the carboxyl group. 


Applying these rules gives the following compound the name 
2-ethyl-4-methylpentanoic acid. 


|| 
снз—Сн—Сн;—сн—С—Он 


Naming carboxylic acid salts 

Carboxylic acid salts are named in both the common and IUPAC sys- 
tems by replacing the -ic ending of the acid name with -ate. For 
example, CH,COO'K is potassium acetate or potassium methanoate. 


Acidity of carboxylic acids 4 Р 
Carboxylic acids show К, values in the order of 10 to 10 апа thus 
readily react with ordinary aqueous bases such as sodium hydroxide 
and sodium bicarbonate. This acidity is due to two factors. First, the 
oxygen atom of the carboxyl group bonded to the hydrogen atom has 
a partial positive charge on it because of resonance. 
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Second, the anion that results from the removal of the hydrogen 
attached to the carboxyl oxygen is resonance stabilized. 


СТ | nd 
R—C 


О: = > R—C-—G 
NJ 


Substituting electron withdrawing groups such as halogens on the 
chain of the В group(s) increases the acidity of the acid. This effect 
is strongest for oc-substitutions and decreases rapidly as the electron 
withdrawing group is moved further down the chain. 


Preparation of Carboxylic Acids 


Carboxylic acids are mainly prepared by the oxidation of a number 
of different functional groups, as the following sections detail. 


Oxidation of alkenes 

Alkenes are oxidized to acids by heating them with solutions of 
potassium permanganate (КМпО,) or potassium dichromate 
(K,Cr,0,). 


1. KMnO | | 
CH3—CH,—CH=CH— СНз ОН i > CH3—C—OH + СНз = CH; —C—OH 
2-pentene heat ethanoic acid propanoic acid 
2. H20 
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Ozonolysis of alkenes 
The ozonolysis of alkenes produces aldehydes that can easily be fur- 
ther oxidized to acids. 


1 1 
CH3 —CH2— CH =CH— СНз > CH3—C—OH + СНз —СН›—СШ—ОН 
2-pentene ethanoic acid propanoic acid 


The oxidation of primary alcohols and aldehydes 

The oxidation of primary alcohols leads to the formation of alde- 
hydes that undergo further oxidation to yield acids. All strong oxidiz- 
ing agents (potassium permanganate, potassium dichromate, and 
chromium trioxide) can easily oxidize the aldehydes that are formed. 
Remember: Mild oxidizing agents such as manganese dioxide 
(MnO,) and Tollen's reagent [Ag(NH),*OH] are only strong enough 
to oxidize alcohols to aldehydes. 


СНз — CH5—OH —OH > СНз = C—OH 
ethanol heat ethanoic acid 

2. H2O 

1 1 
1. KMnO 

CH3—CH T “> CH;—C—OH 
ethanol warm ethanoic acid 

2. H2O 


The oxidation of alkyl benzenes 

Alkyl groups that contain benzylic hydrogens—hydrogen(s) on a 
carbon a to a benzene ring—undergo oxidation to acids with strong 
oxidizing agents. 
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isopropylbenzene benzoic acid 


| 
C— CH; 
| Ti KMnO, . 
CHs ^ OH ^" no reaction 
heat 
2. НО 


t-butylbenzene 


In the above example, t-butylbenzene does not contain a benzylic 
hydrogen and therefore doesn’t undergo oxidation. 


Hydrolysis of nitriles 

The hydrolysis of nitriles, which are organic molecules containing a 
cyano group, leads to carboxylic acid formation. These hydrolysis 
reactions can take place in either acidic or basic solutions. 
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Jl 
— HsO* 
CH3— CH; = С == № heat > CH3—CH,—C—OH 
propanenitrile propanoic acid 
C=N _ C—OH 
1. OH | 
Но 
heat 
2. НзО 
benzonitrile benzoic acid 


The mechanism for these reactions involves the formation of an 
amide followed by hydrolysis of the amide to the acid. The mecha- 
nism follows these steps: 


1. The nitrogen atom of the nitrile group is protonated. 


H H 
——> CH,CH,C=N 
+ 


à H H 


2. Thecarbocation generated in Step 1 attracts a water molecule. 


CH&4CH;C—NH + H—Q—H = с сн 
+ 


AN 
н н 
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3. The oxonium ion loses a proton to the nitrogen atom, forming 


an enol. 
H 
E | 
сено if > oo м 
+ 


O HO: 
“ў oe 
H H 


4. The enol tautomerizes to the more stable keto form. 


H O 
| 
г = CH&—CH—C—NH; + Н* 
+ 
НО: propanamide 


5. Тһе amide is protonated by the acid, forming a carbocation. 


б N 
Ci А + 
CH3— CH»; — С — МН» + Н — СНзСН>С — МН» 


| 
HO: 


6. A water molecule is attracted to the carbocation. 
н H 
м 
КУ СУ б 
$ Й | 
CH3CH2C — NH2 + H О Н » е 


| 
HO OH 
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7. The oxonium ion loses a proton. 


н н 
hs " 
1 ii 
ped NH» = ш м 
ОН ОН 
8. The amine group is protonated. 
:бн :ÓH 


| + 


H [+ 
СН»СН» С NH2 = Mii MR 


ОН :OH 


9. Anelectron pair on one of the oxygens displaces the ammo- 
nium group from the molecule. 


:ÜH е) 
| + | : 
CH3CH2C NH3 — CH3CH5C — OH F NH3 
c U 
:OH 


The carbonation of Grignard reagents 
Grignard reagents react with carbon dioxide to yield acid salts, which, 
upon acidification, produce carboxylic acids. 
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[| 
Mg — Br C—OH 
1. CO; 
2. HO" 
phenyl magnesium bromide benzoic acid 


Synthesis of substituted acetic acids via acetoacetic ester 
Acetoacetic ester, an ester formed by the self-condensation of ethyl 
acetate via a Claisen condensation, has the following structure: 


О О 
|| || 
CH,— C — СН, —C—OCH;CH; 


The hydrogens on the methylene unit located between the two car- 
bonyl functional groups are acidic due to the electron withdrawing 
effects of the carbonyl groups. Either or both of these hydrogens can 
be removed by reaction with strong bases. 


О о О 
| +- | | 
CHs—C—CH; —C— ОСНСНз + Na0C;Hs — СН С СНС OCH;CH; + C2H5OH 


Ма’ 


The resulting carbanions can participate in typical S, reactions that 
allow the placement of alkyl groups on the chain. 
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it 1 1 
CH3—C—CQH—C— ОСНСНз + СНзСі > СНз—С ү C — OCH;CH; + NaCl” 


Na* Сн» 


Hydrolysis of the resulting product with concentrated sodium 
hydroxide solution liberates the sodium salt of the substituted acid. 


[e [e 
| - 


| | + 
О CH,—C—ONa + CH,CH,C — ONa' + CH;CH,OH 


о. + Маон —— 


СНз 


Addition of aqueous acid liberates the substituted acid. 


| | нс! | | 
CH,CH,C—O Na" + CH,C—O Na! — > CH;CH,C-OH + CH;C—OH + NaCl 
2 


The second hydrogen on the methylene unit of acetoacetic ester can 
also be replaced by an alkyl group, creating a disubstituted acid. To 
accomplish this conversion, the reaction product in step 2 above 
would be reacted with a very strong base to create a carbanion. 


+ 


K 


1 1. I 
a + (СНз) СО RE KE OCH2CH; + (СНз) СОН 


СНз СНз 


This carbanion can participate in a typical S, reaction, allowing the 
placement of a second alkyl group on the chain. 
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i it 


MN зен + CH&CH;CI е + KCl 
CH; CH; О 


Hydrolysis using concentrated aqueous sodium hydroxide leads to 
the formation of the sodium salt of the disubstituted acid. 


О CHCH; 
| NN MM D^ os 
ем + NaOH heat СНС— О Ма + о Ма + СНзСН>ОН 


СНз О CHCH; 


Addition of aqueous acid liberates the disubstituted acid. 


о o 
l |. Ha | 
CHscH—C—O Na = = CHÇH—C—OH + NaCl 
2 
CH;CHs CH 


The acid formed has a methyl and an ethyl group in place of two 
hydrogens of acetic acid and is therefore often referred to as a disub- 
stituted acetic acid. 


If dilute sodium hydroxide were used instead of concentrated, the 
product formed would be а methyl ketone. This ketone occurs 
because dilute sodium hydroxide has sufficient strength to hydrolyze 
the ester functional group but insufficient strength to hydrolyze the 
ketone functional group. Concentrated sodium hydroxide is strong 
enough to hydrolyze both the ester functional group and the ketone 
functional group and, therefore, forms the substituted acid rather than 
the ketone. 
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A reaction between a disubstituted acetoacetic ester and dilute 
sodium hydroxide forms the following products: 


О CHCH; О CHCH; 
шыша. OCH2CH3 + dilute Маон ан + CHCH2OH 
ind оњ 
В-кеїоасіа 


Upon heating, Ше В ketoacid becomes unstable апа decarboxylates, 
leading to the formation of the methyl ketone. 


о CHCH; 
| | 100° | | 
CH3C Я T OH - gos + СО; 
CH, О CHs 


A Claisen condensation of ethyl acetate prepares acetoacetic ester. 


[| i ot 
CH3—C—O—CHs—CH3 + NaOH > CH3 С CH2 С 


OCH2CH3 + H2O 


The Claisen condensation reaction occurs by a nucleophilic addition 
to an ester carboxyl group, which follows these steps: 
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1. Ап & hydrogen on the ester is removed by a base, which leads 
to the formation of a carbanion that is resonance stabilized. 


:ӧ 
: | 


| | | 
eee HÖ > H—C—C—QCH,CH; + HO 
H 


2. Acting as a nucleophile, the carbanion attacks the carboxyl 
carbon of a second molecule of ester. 


Lj PT DT T 
а + H-G—C—OCH,CH; —> H—C—C— CH;C — OCH;CHs 


| | 
H о _ A н :QCH,CHg 


3. А pair of unshared electrons оп the alkoxide oxygen move 
toward the carboxyl carbon, helping the ethoxy group to leave. 


н ÖS 50 н © 6 
i = | ld | 


H—C—C—CH,C — OCH;CH; ——-H | C—CH,C—QOCH,CH, + СНэСН,б: 7 


H :OCH2CH3 H 


Synthesis of substituted acetic acid via malonic ester 

Malonic ester is an ester formed by reacting an alcohol with malonic 
acid (propanedicarboxylic acid). Following is the structure of diethyl 
malonate: 


iT 
CH3— CH,—O—C — CH» — C — O —CH2— CH3 
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The hydrogen atoms on the methylene unit between the two carboxyl 
groups are acidic like those in acetoacetic ester. Strong bases can 
remove these acidic hydrogens. 


О О 
о” + СНБО Ма" — 
О О 
CHy-CH,-0-6-CH-0-0-CHs-CH, + СНОН 
Na* 


The resulting carbocation can participate in typical S, reactions, 
allowing the placement of an alkyl group on the chain. 


1 1 
CH;-CH;-O-C-CH-C-O-CH;-CH, + CH,Br— 
Na* 


О 
|| 


| 
аат -C-O-CH;-CH, + NaBr 


СНз 


A second alkyl group can be placed оп ће compound by reacting the 
product formed in the previous step with a very strong base to form a 
new carbanion. 
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o о 
к ee ТРИ + (СНз) Со К’ —> 
ls 
Ок О 
оң -оң-о-б-ён СТЕРИ 


СНз 


The resulting carbanion can participate in a typical S, reaction, allow- 
ing the placement of a second alkyl group on the chain. 


Око 
ааа + CH,CH;Br—- 
CHs 


CH2CH3 
O О 


И | 
НО ось + KBr 


CH3 


Hydrolysis of the resulting product with concentrated aqueous 
sodium hydroxide produces the sodium salt of the disubstituted acid. 


CH;CHs СН2СНз 
о о о i 


| | gd H2O | 
ОРЕ ровы + Маон — > a aded 


СНз CH; 


Addition of aqueous acid converts the salt into its conjugate acid. 


152 CLIFFSQUICKREVIEW 


CARBOXYLIC 


ACIDS AND THEIR 
DERIVATIVES 


CH5CHs5 CH.CH, 
О О О 
OL но || 
Ма M Rd Na d dd чощ 
СНз СНз 


Upon heating, Ше В ketoacid becomes unstable апа decarboxylates, 
forming a disubstituted acetic acid. 


Снн 
О О но 
| || Неа! | || 
HO—C | C—OH на + СО» 
Сн» Сн» 


о halo acids, œ hydroxy acids, and о, В unsaturated acids 

The reaction of aliphatic carboxylic acids with bromine in the pres- 
ence of phosphorous produces о halo acids. This reaction is the Hell- 
Volhard-Zelinski reaction. 


CH,CH,COOH = CH4CH— COOH 
2. H2O Br 


о halo acids can be converted to o hydroxy acids by hydrolysis. 


CH3CH— COOH ы 7> CH;CH— COOH 
Br OH 
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© halo acids can be converted to œ amino acids by reacting with 
ammonia. 


и NEL EE CH34CH— COOH 


Br NH; 


о halo acids and о hydroxy acids can be converted to о, В unsatu- 
rated acids by dehydrohalogenation and dehydration, respectively. 


| 
CH3CH— COOH Кон > СН == СН— COH 
| alcohol 
Br 2. НзО* 
1 
н СООН me > CH: =~ CH— C — OH 
OH 


Reactions of Carboxylic Acids 


Carboxylic acids undergo reactions to produce derivatives of the acid. 
The most common derivatives formed are esters, acid halides, acid 
anhydrides, and amides. 


Ester formation 
Esters are compounds formed by the reaction of carboxylic acids 
with alcohols, and they have a general structural formula of: 
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О 


| 
R—C—OR' 


The simplest method of preparation is the Fischer method, in which 
an alcohol and an acid are reacted in an acidic medium. The reaction 
exists in an equilibrium condition and does not go to completion 
unless a product is removed as fast as it forms. 


О О 
| | 


CH4— C— OH + СНз СН» ОН ™ СНзСН>С— СНз 


ethanoic acid ethanol ethylethanoate 
(ethyl acetate) 


The Fischer esterification proceeds via a carbocation mechanism. In 
this mechanism, an alcohol is added to a carboxylic acid by the fol- 
lowing steps: 


1. The carboxyl carbon of the carboxylic acid is protonated. 


= 3 бн 
[2 | 


CH3;—C—OH + Н? = CH;—C—QH 
+ 


2. Ап alcohol molecule adds to the carbocation produced in Step 1. 


il т 
CH3—C—OH + СНаӦН == а 
+ 
Q 
FTN 
H + CHs 
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3. А proton is lost from the oxonium ion generated in Step 2. 


Й Й 
СНз T ОН == _ CH3;—C—OH + H* 
Q :0— CH 
< БЯ 3 
H + CHs 


4. A proton is picked up from solution by a hydroxyl group. 


H H 
:ÓH | 
CH3—C—QH + Н” фе Сн,—-с—@н 

:QCHs :Q— CH; 


5. A pair of unshared electrons from the remaining hydroxyl 
group helps the water molecule leave. 


| ™ CH,—C—Q'H 


ОСН: 


6. The oxonium ion loses a proton to generate the ester. 


а \ 
CH;—C=0—H =— CH3—C— ОСН: 
+ 
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Nonreversible ester formation 
Esters can also be prepared in a nonreversible reaction of an acid with 


an alkoxide ion. 


M А : a 
CH4—C—ÓOÓH + CH,0 Ма" —— CH,—C-—QCH; + NaOH 


The nonreversible esterification reaction proceeds via a nucleophilic 
substitution reaction. 
1. Acting as a nucleophile, the alkoxide ion is attracted to the 
carbon atom of the carboxyl group. 


Кө, Or 
|^. Sai | 
CH3—C—QH + СН»СН›О: Ма = CH3 T OH 
+ 
HOCH;CH; 
2. The oxonium loses a proton. 
:Ӧғ Na* :Ӧғ Na* 
CH3;—C—QH > CH;—C—OH 
H—Q— CH;CHs :QCH;CHs 
+ 
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3. Anunshared electron pair from the alkoxide ion moves toward 
the carbonyl carbon, assisting the hydroxyl group's exit. 


г Ма” О 
A | 

CH3 7 QH > CH3 С OCH2CH3 
OCH2CH3 


Methyl ester formation 
Methyl esters are often prepared by the reaction of carboxylic acids 
with diazomethane. 


1 1 
сон C—O-CH, 
ether 
benzoic acid methyl benzoate 


Amide formation 
Amides are compounds that contain the following group: 


—C—NH, 
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Substituted amides can contain the following groups: 
j [| 
—C—NHR or —C—R,Ro 


An amide name is based on the name of the carboxylic acid of the 
same number of carbon atoms, but the -oic ending is changed to 
amide. Amides with alkyl groups on the nitrogen are substituted 
amides and are named the same as N-substituted amides, except the 
parent name is preceded by the name of the alkyl substituent and a 
capital N precedes the substituent name. 


[| [| 
СНз = CH; — C - МН, СНз = CH; — C— NH — CH3 
propanamide N-methylpropanamide 
О CH; 


СНз = CH» — C—N-— СНз 
N,N-dimethylpropanamide 


Amides are ordinarily prepared by a reaction of acid chlorides with 
ammonia or amines. 


An amide is prepared by reacting an acid halide with ammonia. 


СН» СН» C—CI — СНз СН» С NH2 і NH,Cl 


| NH; | 
А 
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An N-substituted amide is prepared by reacting an acid halide with a 
primary amine. 


О О 


| N | 
Снз—СН;—С—С! шн CH3;—CH»,—C—NHCH3; + NH,Cl 


An N,N-disubstituted amide is prepared by reacting an acid halide 
with a secondary amine. 


СНз CH2 C—CI > СНз CH2 С N(CH3)2 + NH,CI 


| (CH3);NH | 
А 
You can also react ammonia with esters to prepare primary amides. 


| N | 
СНз —Сн„—С—ОСН»СН» КЕЗ» CH; CHs—C—NH, + CH3CH,OH 


The mechanism for amide formation proceeds via attack by the 
ammonia molecule, which acts as a nucleophile, on the carboxyl car- 
bon of the acid chloride or ester. The alkoxide ion that forms assists 
with the displacement of the chloride ion or alkoxy group. 


1. The ammonia molecule attacks the carboxyl carbon, which 
leads to the formation of an alkoxide ion. 
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2. The ammonium ion loses a proton to form an —NH, group. 


ih T 
R T OR(X) >R T OR(X) + Н“ 


+NH3 NH2 


3. Ап unshared electron pair on the alkoxide ion oxygen moves 
in to help displace the leaving group. 


Kog :Ö 

|. | "" 
R—C—OR(X) ——- R—C- NH, + 2OR(X) 

| U 

NH; 


Acid halide formation 

Carboxylic acids react with phosphorous trichloride (PCI), phospho- 
rous pentachloride (РСІ,), thionyl chloride (SOCL,), and phosphorous 
tribromide (PBr, ) to form acyl halides. 
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C—OH 


Acid anhydride formation 
Following is the anhydride group: 


C—Cl + Р(ОН)з 


C—Cl + РОС + HCI 


C—Cl + SO» + HCl 


C—Br + Р(ОН)з 


This group forms by reacting the salt of a carboxylic acid with an acyl 


halide. 
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iD CI : 

[ д l 
CH3—C—Q:Na* + CH3—C=O: > CH3;—C—Q—C—CHs 
sodium acetate acetyl chloride acetic anhydride 


Decarboxylation reaction 

Decarboxylation is the loss of the acid functional group as carbon 
dioxide from a carboxylic acid. The reaction product is usually a 
halocompound or an aliphatic or aromatic hydrocarbon. 


The following illustration shows the sodalime method: 


1 
= 1. NaOH 
он 2.СаО 
Heat + Na2CO3 


Alipathic and aromatic acids can be decarboxylated using simple 
copper salts. 


| 
CH,CH,C—OH — —» CH,CH, + CO, 
quinoline 


А 


| 
нс=сн—с—он copper chromate 


= НС = CH2 і СО» 


quinoline 
A 
1 
он CuCO; 
Cu(OH); 
A 
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Hunsdiecker reaction 
In a Hunsdiecker reaction, the silver salt of an aromatic carboxylic 
acid is converted by bromine treatment to an acyl halide. 


1 " Br 
со co 
ч + COz + AgBr 


Kolbe electrolysis 
In Kolbe electrolysis, electrochemical oxidation occurs in aqueous 
sodium hydroxide solution, leading to the formation of a hydrocarbon. 


О 


| lectrochemical 
CH;CHC—O Na+ os. en tp eH. + СО» 
oxidation 


Reduction of Carboxylic Acids and Acid Derivatives 


Carboxylic acids, acid halides, esters, and amides are easily reduced 
by strong reducing agents, such as lithium aluminum hydride 
(LiAIH,). The carboxylic acids, acid halides, and esters are reduced 
to alcohols, while the amide derivative is reduced to an amine. 


Reductions of carboxylic acid derivatives 

Most reductions of carboxylic acids lead to the formation of primary 
alcohols. These reductions are normally carried out using a strong 
reducing agent, such as lithium aluminum hydride (LiAIH,). 
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] 
1. LiAIH 
снз—Сн›—С—Он FTI = (CHy—CH,—CHi—OH 
propanoic acid vs propanol 
C— OH CH5;— OH 
| 1. LiAIH, ; 
О 2. HO” 
benzoic acid benzyl alcohol 


You can also use diborane (B,H,) to reduce carboxylic acids to 
alcohols. 


| 1. ВЬН 
CH,—C— OH 7 8 CHs— CH;—OH 
er 
acetic acid 2. НзО* еїһапо! 


Reduction of esters 
Esters are normally reduced by reaction with lithium aluminum 


hydride. 
1 
CH4— C—O —CH;— CH; — CH; MEAN, CH; CH;—OH + СНз CH;— CH;— OH 
propyl ethanoate 2.H40* ethanol propanol 
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Reduction of acid halides 
Acid halides are reduced by lithium aluminum hydride to primary 
alcohols. 


C=O CH,—OH 
| 1. НАНА А 
СІ ether 
2. НзО* 
benzoyl chloride benzyl alcohol 


Reduction of amides 
Like other carboxylic acid derivatives, amides can be reduced by 
lithium aluminum hydride. The product of this reduction is an amine. 


| 1. LiAIH 
CH3CH,CH,C— NH; ae CH3CH,CH,CH,NH, 
etner 
propanamide 2. НзО* butanamine 


Reactions of carboxylic acid derivatives 

Carboxylic acid derivatives are very reactive. The following sections 
detail how the various carboxylic acid derivatives can be converted 
one into another. 


Reactions of acid halides (acyl halides). Acyl halides are very reac- 
tive and easily converted to esters, anhydrides, amides, N-substituted 
amides, and carboxylic acids. In the following reactions, X represents 
any halide. 
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An acid halide can be converted to an ester by an acid catalyzed reac- 
tion with an alcohol. 


О О 


| 
> СНз—С—ОСН» (ester) 


An anhydride may be produced by reacting an acid halide with the 
sodium salt of a carboxylic acid. 


О 
] «Хо 
CH3—C— Х > CH3;—C—O—C—CHs (anhydride) 


Reacting ammonia with an acid halide produces an amide. 


1 1 
ЫН o CH3;—C—NH» (amide) 


CH3;—C—X 


Reacting a primary amine with an acid halide creates an N-substituted 
amide. 


H4NH | 
Баа 8 СН.—С—МНСНз (N-substituted amide) 


Similarly, reacting a secondary amine with an acid halide produces 
an N,N-disubstituted amide. 
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| | 
CH4—C—X (EFIE, CH3;—C—N(CHs). (N,N-disubstituted amide) 


Finally, hydrolysis of an acid halide with dilute aqueous acid pro- 
duces a carboxylic acid. 


О О 
НО 
H + 
heat 


| 
> CH3;—C—OH (acid) 


Reaction of anhydrides. Anhydrides react rapidly to form esters, 
amides, N-substituted amides, and carboxylic acids. 


Reaction of an alcohol with an anhydride creates an ester and a car- 
boxylic acid. 


О О 


О 
| | | | 
снз—С—-б—С—Сн» CHOH < CH;—C—OCH; + CH;—C—OH 


Reacting an anhydride with ammonia produces an amide and a саг- 
boxylic acid salt. 


| | NH, | |, 
СНз C—O-C CH3 at CH3 С МН» і СНз С О МН, 


A primary amine reacts with an anhydride to give an N-substituted 
amide. 
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] 1 


О 
| | HANH | 
CH5—C— O—C- CH; Сн 3З» СН.—С—МНСНз + CH3—C—O NH4* 


Similarly, a secondary N-substituted amine reacts with an anhydride 
to produce an N,N-disubstituted amide plus a carboxylic acid salt. 


О 
| | | | 
CH,—C—0-C— CH; (CHNM CH3,—C—N(CHs)> + CH4—C—O NH,* 


Finally, reacting an N,N-disubstituted amide anhydride with dilute 
aqueous acid produces a carboxylic acid. 


Reactivity of carboxylic acid derivatives 

The conversion of one type of derivative into another occurs via 
nucleophilic acyl substitution reactions. In these types of reactions, 
any factor that makes the carbonyl group more easily attacked by a 
nucleophile favors the reaction. The two most important factors are 
steric hindrance and electronic factors. 


Sterically unhindered, accessible carbonyl groups react more rapidly 
with nucleophiles than do hindered carbonyl groups. Electronically, 
groups which help polarize the carbonyl group make the compound 
more reactive. Thus acid chlorides would be more reactive than 
esters, because the chlorine atom is much more electronegative than 
an alkoxide ion. 
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Based on the above factors, the order of reactivity of carboxylic acid 
derivatives is 


1 l.l 1 1 
R-C— —C—Q-C-R > R-C-QR > R-C-NH; 


acid halide anhydride ester amide 


X > H 


The more reactive acid derivative can be easily converted into a less 
reactive derivative. However, the opposite cannot occur. Thus, less 
reactive derivatives cannot be converted into their more reactive 
cousins. 
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Introduction 


Amines are aliphatic and aromatic derivatives of ammonia. Amines, 
" " 4 -6 = өй å 

like ammonia, are weak bases (K, = 10 to 10 ). This basicity is due 

to the unshared electron pair on the nitrogen atom. 


Classification and nomenclature of amines 

Amines are classified as primary, secondary, or tertiary based upon 
the number of carbon-containing groups that are attached to the nitro- 
gen atom. Those amine compounds that have only one group attached 
to the nitrogen atom are primary, while those with two or three groups 
attached to the nitrogen atom are secondary and tertiary, respectively. 


H CH3 
m | | 
CHsNH2 СНз— N — СНз CH3— N — СНз 
1Y 2Y ЗҮ 
methanamine N-methylmethanamine N, N-dimethylmethanamine 
(methylamine) (dimethylamine) (trimethylamine) 


In the common system, you name amines by naming the group or 
groups attached to the nitrogen atom and adding the word amine. 


H CH3 
р | | 
CH3NH» CH3— № СНз— N — СНз 
methyl amine methyl phenyl amine trimethyl amine 
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In the IUPAC System, apply the following rules to name amines: 


1. Pick out the longest continuous chain of carbon atoms. The 
parent name comes from the alkane of the same number of 
carbons. 


2. Change the -e of the alkane to “amine.” 


3. Locate and name any substituents, keeping in mind that the 
chain is numbered away from the amine group. Substituents, 
which are attached to the nitrogen atom instead of the carbon 
of the chain, are designated by a capital N. 


CH3 СН» 
" A | 
CH4—NH; CH,— | — МН, CH — CH:— N — Chs 


methanamine CH3 N, N-dimethylethanamine 


1, 1-dimethylethanamine 


Aromatic amines belong to specific families, which act as parent mol- 
ecules. For example, an amino group (—NH.) attached to benzene 
produces the parent compound aniline. 


" СНз 
NH К | 
МН — СНз N — СНз 
aniline N-methylaniline N, N-dimethylaniline 
(parent) (N-substituted) (N, N-disubstituted) 
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Basicity of amines 

Amines are basic because they possess a pair of unshared electrons, 
which they can share with other atoms. These unshared electrons cre- 
ate an electron density around the nitrogen atom. The greater the elec- 
tron density, the more basic the molecule. Groups that donate or 
supply electrons will increase the basicity of amines while groups that 
decrease the electron density around the nitrogen decrease the basic- 
ity of the molecule. For alkyl halides in the gas phase, the order of 
base strength is given below: 


(СНз)з N> (СНз)> МН > СНзМН > NH3 


most least 
basic basic 


However, in aqueous solutions, the order of basicity changes. 


(CH3)2 NH > CH3NH; > (CH3)s N» NH3 


most least 
basic basic 


The differences in the basicity order in the gas phase and aqueous 
solutions are the result of solvation effects. Amines in water solution 
exist as ammonium ions. 


To 
R- NH; +Н О — — — ——-  RHNH$;OH 
1Yamine 1Yammonium salt 


T + = 
А- МНА + НО — — —— —- RNH,ROH 


2Yamine 2Yammonium salt 
ee + — 
ВМА, + НО — — — ——-  RNHR;OH 
3Yamine 3Y ammonium salt 
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In water, the ammonium salts of primary and secondary amines 
undergo solvation effects (due to hydrogen bonding) to a much 
greater degree than ammonium salts of tertiary amines. These solva- 
tion effects increase the electron density on the amine nitrogen to a 
greater degree than the inductive effect of alkyl groups. 


Arylamines are weaker bases than cyclohexylamines because of res- 
onance. Aniline, a typical arylamine, exhibits the resonance struc- 
tures shown in Figure 8-1. 


" t t + 
(їн NH2 NH2 NH2 
(a) (b) (c) (9) (е) 


Figure 8-1 
As structures b through е in Figure 8-1 show, delocalization of the 
unshared electron pair occurs throughout the ring, making these elec- 
trons less available for reaction. As a result of this electron delocal- 
ization, the molecule becomes less basic. 


Preparation of Amines 


The alkylation of ammonia, Gabriel synthesis, reduction of nitriles, 
reduction of amides, reduction of nitrocompounds, and reductive 
amination of aldehydes and ketones are methods commonly used for 
preparing amines. 
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Alkylation of ammonia 

The reaction of ammonia with an alkyl halide leads to the formation 
of a primary amine. The primary amine that is formed can also react 
with the alkyl halide, which leads to a disubstituted amine that can 
further react to form a trisubstituted amine. Therefore, the alkylation 
of ammonia leads to a mixture of products. 


+ же = 
NH, + сна —— —— CH,NH,cl —24 — снн, 


alkylation of ammonia 


H 


CH,NH, + CH4CI — —— сньм — снс! —9H 


»- CH4NCHs 


alkylation of a 1Yamine 


СНз 
Р lie, о н , 
CH3NCH3 „> СН»С1 »- СНз М СНС! > СН» М СНз 
| | | 
Н СНз СНз 


alkylation of а 2Yamine 


Reduction of alkylazides 
You can best prepare a primary amine from its alkylazide by reduc- 
tion or by the Gabriel synthesis. 


NaN, Na 


СН»СН»С1 но” CH3CH5N5 "Alcohol - CH3CH;NH5 
Ethyl Azide 
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In the Gabriel synthesis, potassium phthalimide is reacted with an 
alkyl halide to produce an N-alkyl phthalimide. This N-alkyl phthal- 
imide can be hydrolyzed by aqueous acids or bases into the primary 
amine. 


О [o] о 
i | TUE 
№ 99 —ONa 
Or Kt -СНзСНоСІ eee (OX 5 м CH;CH; — -Qu, Or. + CHsCH2NH2 
ar — ONa* 
| 
о 
potassium phthalimide N-ethyl phthalimide sodium phthalate 


Reduction of nitriles 
Nitriles can be reduced by lithium aluminum hydride (LiAIH.) to pri- 


mary amines. 
C=N CHNH2 
15 _1. LAIH; _ 
E ^ 
2.Нз0* 


Reduction of amides 

Amides yield primary amines on reduction by lithium aluminum 
hydride, while N-substituted and N, N-disubstituted amides produce 
secondary and tertiary amines, respectively. 
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О 
|| 1. LiAIH 
СНз — CH; — C — NH; — 4> CH; — CH; — CH» — NH; 
ether 
propanamide 2. H40* propanamine 
О 
| 1. LiAIH 
CH; — CH, — C — NH — СНз E 4 > CH; — СН, — CH; — NH — СНз 
ether 
N-methylpropanamide 2. H40* N-methylpropanamine 
О СН. СНз 
| | 1. LiAIH | 
СН: — СН — C —N — CH; — “> СН; — CH: — СН, — N — СНз 
ether 
N, N-dimethylpropanamide 2. H40* N, N-dimethylpropanamine 


Because amides are easily prepared, their reduction is a preferred 
method for making all classes of amines. 


Reduction of nitrocompounds 
Aromatic amines are normally prepared by reduction of the corre- 
sponding aromatic nitrocompound. 


NO; NH2 


1. Sn 
HCI 
A 


. 2. OH - 
nitrobenzene aniline 
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Reductive amination of aldehydes and ketones 
Aldehydes or ketones can be reduced by catalytic or chemical reduc- 
tions in the presence of ammonia or primary or secondary amines, 
producing primary, secondary, or tertiary amines. 


The reaction of a ketone with ammonia, followed by catalytic reduc- 
tion or reduction by sodium cyanoborohydride, produces a 1? amine. 


| T 
CH,—C— CH, ЕЕ». сн, — GC мн, 
2. H»/Ni | 
or H 


NaBH,CN 


N-substituted amines are produced by reaction of ketones with pri- 
mary amines, followed by reduction. 


| "S 
CHa — C — cH, CaN. GH, — o. NHOR; 
2. H2/Ni | 
or H 
NaBH,CN 


N,N-disubstituted amines can be produced by reaction of 2? amines 
with ketones followed by reduction. 


| Сна 
1. (СНз) МН 
нз — С — СНз —~——~—> СНз — € — N(CH 
СНз — С — СНз 2. НЫМ СНз i (CH3); 
or H 
NaBH3CN 
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Reactions of Amines 


Due to the unshared electron pair, amines can act as both bases and 
nucleophiles. 


Reaction with acids 
When reacted with acids, amines donate electrons to form ammonium 
salts. 


NH; NH,HSO4 
Н2$0. 
— > 


aniline anilinium acid sulfate 


Reaction with acid halides 
Acid halides react with amines to form substituted amides. 


Cl О 
| 1. CHaNHz l- 
h= e= ОЕ ор СНз — СН, — С — МН — СНз 
ргорапоу! chloride | N-methylpropanamide 


Reaction with aldehydes and ketones 

Aldehydes and ketones react with primary amines to give a reaction 
product (a carbinolamine) that dehydrates to yield aldimines and 
ketimines (Schiff bases). 
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i m 
CH3CH5NH5 + СН»ССН+ == CH3CH5;N —C— CH3 
(1Yamine) (ketone) T 


ethanamine — dimethylketone 
(a carbinolamine) 


О 
А [| 
СНз — С — CH = М — CH» — СН» 
N-ethylacetonimine 
(a ketimine) 


If you react secondary amines with aldehydes or ketones, enamines 
form. 


О 
| 
Н 
| H* СНз 
СНз — N — СНз + m Ñ + Но 
5 ————— ` 
СНз 
cyclohexane N, N-dimethyl-1-cyclohexenamine 


(an enamine) 


Reaction with sulfonyl chlorides 
Amines react with sulfonyl chlorides to produce sulfonamides. A typ- 
ical example is the reaction of benzene sulfonyl chloride with aniline. 
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МН, $024 7 
NH,—S = О 


N-phenylbenzenesulfonamide 


The Hinsberg test 

The Hinsberg test, which can distinguish primary, secondary, and ter- 
tiary amines, is based upon sulfonamide formation. In the Hinsberg 
test, an amine is reacted with benzene sulfonyl chloride. If a product 
forms, the amine is either a primary or secondary amine, because ter- 
tiary amines do not form stable sulfonamides. If the sulfonamide that 
forms dissolves in aqueous sodium hydroxide solution, it is a primary 
amine. If the sulfonamide is insoluble in aqueous sodium hydroxide, 
it is a secondary amine. The sulfonamide of a primary amine is solu- 
ble in an aqueous base because it still possesses an acidic hydrogen 
on the nitrogen, which can be lost to form a sodium salt. 


Ф 
2 
o 
=O 
г 
D 
o 
I 


OQ 


О 
CH3— МН» > CH; Ñ S > CH,—N | 
А == 
1Yamine H (9) Ко; (9 
Na 


water insoluble water soluble 
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or о 
(СНз) МН ———————e СНз — А -i NaOH, по reaction 
^ 
2Yamine CH, O 


water insoluble 


Oxidation 

Although you can oxidize all amines, only tertiary amines give eas- 
ily isolated products. The oxidation of a tertiary amine leads to the 
formation of an amine oxide. 


(CH3)sN 


peroxyacetic 
acid 


Arylamines tend to be easily oxidized, with oxidation occurring on 
the amine group as well as in the ring. 


Reaction with nitrous acid 
Nitrous acid is unstable and must be prepared in the reaction solution 
by mixing sodium nitrite with acid. 


Primary amines react with nitrous acid to yield a diazonium salt, 
which is highly unstable and degradates into a carbocation that is 
capable of reaction with any nucleophile in solution. Therefore, react- 
ing primary amines with nitrous acid leads to a mixture of alcohol, 
alkenes, and alkyl halides. 
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+ 
СН.СНУМН, мано СН.СН, — М = NCT 
ethanamine or ethyl diazonium chloride 
(ethylamine) (unstable) 


HOH 


CH,CH,OH 
+ r += | 
CH,CH;N = МСГ —> | CH;CH; | + № —E— CH,CH,CI 
СН» = CH; + Н“ 


Primary aromatic amines form stable diazonium salts at zero degrees. 


МН» МСГ 
Мамо» 
НСІ 
oY 
aniline benzene diazonium chloride 


Secondary aliphatic and aromatic amines form nitrosoamine with 
nitrous acid. 


CH, — NH— cH, NaNO: , (cH,),. —N—N=O 
HCI 
dimethylamine N,nitrosodimethylamine 
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P. N—O 
NH — CH, N К 
Мамо» CHs 
SS 
HCl 
N-methylaniline N-nitroso N-methylaniline 


Tertiary amines react with nitrous acid to form N-nitrosoammonium 
compounds. 


+ + 
(СНз)зМНСГ + (СНз)з — N = ОСГ 


Мамо» 
СН 
ч жит 


or methylammonium N-nitrosoammonium 
chloride chloride 


Reactions of aromatic diazonium salts 

Diazonium salts of aromatic amines are very useful as intermediates 
to other compounds. Because aromatic diazonium salts are only sta- 
ble at very low temperatures (zero degrees and below), warming these 
salts initiates decomposition into highly reactive cations. These 
cations can react with any anion present in solution to form a variety 
of compounds. Figure 8-2 illustrates the diversity of the reactions. 
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OH 
H2O O 
м 
„Си 
Быр? ы 
„Сы Вг 
+ pe 
NCl „СА. СМ 
warm to room 
temperature 
SO 
PANN | 
и 
Gr 
эу 
p m H 
- [C2 
м 
Figure 8-2 
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Introduction 


The interpretation of data generated from instrumentation allows 
organic chemists to assign possible structures to new molecules or to 
identify existing materials. The data provided by instruments is usu- 
ally in the form of graphs called spectra. To interpret spectra, a 
chemist must have some knowledge of the phenomena occurring 
within a molecule when varying amounts of energy are added to the 
molecule. The source of the added energy can come from interacting 
with high-energy electrons (mass spectroscopy), radio waves (nuclear 
magnetic spectroscopy), light energy (ultraviolet and visible spec- 
troscopy), and heat energy (infrared spectroscopy). 


Mass Spectra 


In a mass spectrometer, a solid or liquid is heated under reduced pres- 
sure to convert it into a gas. The molecules of the gas are then exposed 
to high-energy electrons. Collisions between the gaseous molecules 
and the electrons convert some of the molecules into positively 
charged ions. These ions are passed through magnetic and electrical 
fields that separate them into a spectrum based on their mass-to- 
charge ratio (m/z). After separation, the ions arrive at a detector that 
is calibrated to receive only ions of a plus one charge. The spectrum 
that results gives the molecular weights of the ions. 


Integral molecular weight 

The most important information obtainable from a mass spectrum is 
the integral molecular weight of the compound. The integral mole- 
cular weight is the sum of the light isotopes of the atoms that make 
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up the molecule. The integral masses of atoms used to calculate inte- 
gral molecular weights are listed below in Table 9-1. 


Table 9-1: Integral Atomic Weights 


Atom Atomic Weight 
Hydrogen 1 
Carbon 12 
Nitrogen 14 
Oxygen 16 
Fluorine 19 
Phosphorous 31 
Sulfur 32 
Chloride 35 
Bromine 79 
Iodine 127 


The molecular weight of the compound appears as the molecular ion 
peak on the spectrum. Ordinarily, the molecular ion peak is followed 
in the spectrum by two peaks; one of m/z one mass unit greater than 
the molecular ion and a second peak of m/z two mass units greater 
than the molecular ion. These peaks are called the molecular ion + 1 
and the molecular ion + 2 peaks. The intensity of the molecular ion, 
molecular ion + 1, and molecular ion + 2 peaks exist in an approxi- 
mate ratio of 100:10:1 for many hydrocarbons or molecules possess- 
ing one or more hydrocarbon chains. 


The appearance of this type of peak arrangement at the high end of 
the m/z scale on the mass spectrum is characteristic of the molecular 
ion. The two higher mass peaks are due to the presence of isotopes of 
the compound’s atoms. The ratio found in the peak pattern is the 
result of natural isotope abundance of the atoms in the molecule. In a 
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number of spectra, no molecular ion can be found, because the mole- 
cular ion is usually very unstable and decomposes into fragment ions 
before it can reach the detector. 


Fragment and rearrangement ions 

In addition to forming molecular ions, organic molecules decompose 
into fragment ions in a mass spectrometer. As a result, a host of ions 
form that have a m/z less than that of the molecular ion. These ions 
give rise to the characteristic mass spectrum of the molecule. The 
fragmentation pattern of a molecule is characteristic of the molecule, 
and an unknown compound may be identified by comparison with a 
catalog of standard spectra. 


Fragment ions are formed through both simple cleavage of larger ions 
and rearrangements of the molecular ion. Simple cleavage of the mol- 
ecular ion tends to form stable cations. Thus, simple cleavage gener- 
ally occurs next to highly branched carbons, at allylic and benzylic 
bonds, and at carbons adjacent to oxygen and nitrogen atoms. 


Fragmentation can also occur by the expulsion of a neutral molecule 
during the rearrangement of the molecular ion. Many rearrangements 
involve the loss of small molecules, such as water, carbon monoxide, 
carbon dioxide, and ammonia. 


Nuclear Magnetic Resonance (NMR) Spectra 


Nuclei of atoms with an odd number of protons or neutrons have 
permanent magnetic moments and quantized nuclear spin states. This 
means that these types of atoms behave as though they are small 
magnets spinning on an axis. Placing these types of atoms in a very 
strong magnetic field separates them into two groups: those that align 
with the applied field—the field created by the electromagnet of the 
instrument—and those that align against the applied field. 
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Aligning against the applied field takes more energy than aligning 
with the applied field. When the sample is irradiated with radio 
waves, energy is quantitatively absorbed by the odd-numbered nuclei, 
and those aligned with the field will flip to align against the field. 
Depending upon the environment in which the proton is located, 
slightly more or less energy is necessary to create the flip. Thus, radio 
waves of varying frequencies are needed. 


Deshielded and shielded protons 

In practice, it is easier to fix the radio wave frequency and vary the 
applied magnetic field than it is to vary the radio wave frequency. The 
magnetic field "felt" by a hydrogen atom is composed of both applied 
and induced fields. The induced field is a field created by the elec- 
trons in the bond to the hydrogen and the electrons in nearby л bonds. 
When the two fields reinforce each other, a smaller applied field is 
required to flip the proton. In this situation, a proton is said to be 
deshielded. When the applied and induced fields oppose each other, 
a stronger field must be applied to flip the proton. In this state, the 
proton is shielded. 


The following generalizations apply to shielding and deshielding of 
the protons in a molecule: 


m Electronegative atoms such as nitrogen, oxygen, and halogens 
deshield hydrogens. The extent of deshielding is proportional 
to the electronegativity of the hetero atom and its proximity to 
the hydrogen. 


m Electrons on an aromatic ring, double bonded atoms, and 
triple bonded atoms deshield attached hydrogens. 


m A carbonyl group deshields hydrogens on adjacent chains. 
m Benzylic and allylic hydrogens are deshielded. 


m Electropositive atoms, such as silicon, shield hydrogens. 
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m Hydrogens attached to a cyclopropane ring and those situated 
in the x cloud of an aromatic system are strongly shielded. 


Chemical shifts 

Changes in energy needed to flip protons are called chemical shifts. 
The location of chemical shifts (peaks) on a NMR spectrum are mea- 
sured from a reference point that the hydrogens in a standard reference 
compound—(CH.)Si or tetramethylsilane (TMS)—produce. The 
amount of energy necessary to flip protons in TMS is assigned the arbi- 
trary value of zero 6. Chemical shifts are measured in parts per million 
magnetic field strength difference (6-scale), relative to TMS. 


Deshielded protons absorb downfield on the NMR spectrum (at a 
lower magnetic field strength than shielded protons). 


Mapping nonequivalent hydrogens 

Every nonequivalent hydrogen has a unique and characteristic 
chemical shift that gives rise to a distinct peak or group of peaks. For 
example, in the propane molecule, two types of nonequivalent hydro- 
gens exist. The first type is methyl hydrogens and the second type is 
methylene hydrogens. In the following diagram, methyl hydrogens are 
designated Н. while methylene hydrogens are designated H.. 


Ha Hp Ha 
| | | 
Ha—C—C—C—hHa 


| | | 
Ha Нь На 


In the ргорепе molecule, four types of nonequivalent hydrogens аге 
designated a through d. 
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The Н. and Н, differ because Н. is cis to the Н, hydrogens while Н, is 
trans. 


For the benzene ring system, all hydrogens are equivalent. 


Ha 


Ha Ha 


Ha Ha 
Ha 
Monosubstituted benzenes, however, have nonequivalent hydrogens. 


Br 


Ha Ha 


Hp Hp 


He 
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This nonequivalence is due to changing environments as the hydro- 
gens move further away from the electronegative bromine. 


Peak areas 
The area under a peak is directly proportional to the number of equiv- 
alent hydrogens giving rise to the signal. 


Peak splitting: Spin-spin coupling 

Most chemical shifts aren’t single peaks but rather groups or clusters 
of peaks. These groups and clusters gather because of spin-spin cou- 
pling, which results from the magnetic fields of hydrogen atoms on 
adjacent carbon atoms reinforcing or opposing the applied magnetic 
field on an individual proton. In the molecule 


Ha Hp 


the chemical shift for the H. atom is split into three peaks (a triplet), 
while the chemical shift for the Н, atoms is split into two peaks (a 
doublet). 


The general rule for splitting is that the number of peaks created from 
a chemical shift is calculated as n + 1, where n equals the number of 
equivalent hydrogen atoms on the adjacent carbon atom(s) that cause 
the splitting. Applying this rule to the previous compound shows that 
the carbon adjacent to the carbon bearing the H. hydrogen has two 
equivalent (H.) hydrogens attached to it. Thus, the H. hydrogen's chem- 
ical shift will be split into 2 + 1, or 3, peaks. The chemical shift for the 
H. hydrogen atoms will be split by the single H. hydrogen 
on the adjacent carbon into 1 4 1, or 2, peaks. Because the doublet 
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represents the two Н, protons and the triplet represents the single Н, 
proton, the areas under the peaks are in a ratio of 2:1 (doublet : triplet 
ratio). 


Coupling constants 

The center-line spacing between peaks in a cluster—the space from 
the middle of one peak in a set to the middle of a second peak in that 
set-caused by spin-spin coupling is always constant. This constant 
value is called the coupling constant (J) and is expressed in hertz. 
The J value depends upon the structural relationship among the cou- 
pled hydrogens and is often used to help create a possible structural 
formula. For example, look at the following isomeric structures of the 
C.H.BrCl (bromochloroethene) compound. In any ethylene or any 
pair of geometric isomers, the J value will always be larger in trans 
arrangements than in cis arrangements. In addition, the J values will 
vary in a regular manner with respect to the electronegativity of the 
substituents. 


H H H Br 
№ = с^ ^c = с^ 
/ N / М 

С! Вг Cl H 

smaller J value larger J value 


Ultraviolet and Visible Spectra 


When electromagnetic radiation in the ultraviolet (UV) or visible 
region of the spectrum is absorbed by a molecule, т or non-bonding 
(n) electrons are promoted into antibonding orbitals. Because the 
main electron transitions аге 7 ———- 7 transitions, the absorption 
of energy in the UV or visible range (200-700 nm) usually indicates 
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the existence of лт bond(s) and an unsaturated compound. Conversely, 
molecules that don’t absorb in the UV or visible region don’t contain 
an unsaturated system. The strength of the absorption, measured by 
its extinction coefficient, €, is determined by the amount of conjuga- 
tion in the system. The position of an absorption is determined to a 
large extent by the relative mobility of the л electrons. 


Infrared Spectra 


When a molecule absorbs energy in the infrared region (1-300 um), 
the o bonds of the molecule begin to vibrate. For simple diatomic mol- 
ecules, such as Н. or НСІ, the only possible vibration is a movement of 
the two atoms away from and back to each other. This mode is referred 
to as a “bond stretch.” Triatomic molecules such as CO, have two dis- 
tinct stretching modes—an asymmetrical and a symmetrical mode. In 
the symmetrical stretch, both oxygen atoms move away from the car- 
bon atom at the same time. Conversely, in the asymmetrical stretch, 
one oxygen atom moves toward the carbon atom while the 
second oxygen atom moves away from the carbon atom. 


0—C—O 0—C—O 

= E < 

Symmetrical Asymmetrical 
Stretch Stretch 


Molecules of three or more atoms have continuously changing bond 
angles. The opening and closing of the bond angles are called bending 
modes. Some common bending modes are scissoring, rocking, 
twisting, and wagging. Scissoring and rocking are in-plane bending 
while twisting and wagging are out-of-plane bending. Figure 9-1 
illustrates these vibrational modes. 
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Scissoring Rocking 


хх 


IN-PLANE BENDING 


Twisting 6 Wagging 


хи NI means coming forward 


— means going backward 


OUT-OF-PLANE BENDING 


Figure 9-1 

In a molecule, each bond and each group of three or more atoms 
absorbs infrared radiation at certain wave numbers to give quantized 
excited stretching and bending vibrational states. Only vibrations that 
cause a change in dipole moment generate an absorption peak. An 
observed absorption band (peak) at a specific wavelength proves the 
existence of a particular bond or group of bonds in the molecule. 
Conversely, the absence of a peak in the spectrum rules out the pres- 
ence of the bond that would have produced it. The region between 
1400-800 cm' is called the fingerprint region of the compound. In 
this region, so many peaks occur that accurately identifying their ori- 
gin is impossible. However, because so many peaks exist in this 
region, two compounds whose spectra are identical in this region 
must be the same. 
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Alkyl Halides 


Addition of halogen halide to alkenes 
КОШ; 
с=с 


НХ > C—C—X 


PE и | 


Reaction of phosphorus and sulfur halides with alcohols 


ROH + SOX: > А-Х + SO, + HCl 
thionyl halide 


ROH + РС» — — — —- R—Cl + P(OH) + HCl 


ROH + РСЬ > R—Cl + РОС» + HCl 


Phenols 


Pyrolysis of sodium benzene sulfonate 


SO; Na* OH 


1. NaOH 


350° 
2.H40* 
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Dow process 


Cl OH 


dilute NaOH 
300°/3000psi 


Air oxidation of cumene 


СНз — CH — CH3 OH 
1 
e + CH3CCHs 
100-1300? 
2.H4O* 


Aryl Halides 


Halogenation of benzene 


AlCl 
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Sandmeyer reaction 


мн, Br 


all: NaNO, 


HCl 
0-5° 
2. CuBr 
Ethers 
Sulfuric acid process 
Hep o9. oe 
А 
Williamson synthesis 
RO Ма* EN. БВР ROR' 
А 
Alcohols 
Hydration of alkenes 
он 
в—сн=сн; Бо. > R—CH—CH; 
HO 
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Hydroboration-oxidation 


_ 1. ВН. 
R—CH=CH R—CH,CH,OH 
оңо» 7 ae 
"OH 


Reduction of aldehydes and ketones 


| 1. ШАН, 


R—C—H > RCH2OH 
ether 
2. H2O 
ОН 
| | 
R—C-R 1. LiAIH, св 
ether | 
2. Н;О H 


Reduction of carboxylic acids 


| АН 
в—б—он ЫН + RCH,OH 
ether 
2. H2O 
Reduction of esters 
| | 
R—C—OR' ЦАН, L R- CHOH + ВОН 
еїһег 
2. H2O 
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Grignard reagent with aldehydes and ketones 


| 
1.H—C—H 


RMgBr Ec E RCH20H 
| ОН 
1. СН | 
В R' 
RMgBr 2 Н* > 0 
H 
T OH 
1.R'-C-R | 
R R' 
RMgBr 2 H* > 
R' 


Aldehydes 


Oxidation of primary alcohols 


c,HN'Hcrocr. | 


R— CHOH R—C—H 
s CH;Cl; 
Reduction of acyl halides 
| : | 
R—C—Cl ая > R—C—H 
—78° 
H2O 


SUMMARY OF 
PREPARATIONS 


Reduction of esters 


| 1. DIBAL-H | 


R—C—OR' > R—-C-H 
2. H20 
Reduction of nitriles 
- | 
R—-C=N 1. DIBAL-H > сн 
2. H2O 
Ozonolysis of alkenes 
о, | | 
R—CH=CH, — > R-C-H + H-C-H 


Ketones 


Oxidation of secondary alcohols 


T i 
R R' 020, R—C-R' 
| Á 
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Hydration of alkynes 
1 
R-C=C—H oe R—C—CH; 
Ozonolysis of alkenes 
О 
б | | 
ттт C POR OH ARGH 
В 
Friedel-Crafts acylation 
1 
7 C—R 
R—C—X 
AlCl 
A 


(used to prepare aromatic ketones only) 


Via lithium dialkylcuprates 


О 
| | 
C—X EN 
ReCu Li 
—78° 
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Via a Grignard reagent 


| 
AON ЕРМЕК, мс в 
ether 
2. H2O 
Carboxylic Acids 
Oxidation of alkenes 
| 1 
R-c—c-R EN Q C on + R—C—OH 
| | ОН 
н H А 
2. H2O 
Ozonolysis of alkenes 
О 
сб. | | 
R—CH--CH-R' > R—C—OH + R'—-C—OH 
о 
О 
Oxidation of primary alcohols 
1 
Hopp ce MIO uoo ОВ 
OH 
A 
2. H2O 
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Oxidation of aldehydes 


Oxidation of alkyl benzenes 


1. KMnO, 
OH 
А 
2. H2O 


Hydrolysis of nitriles 


Carbonation of a Grignard 


tco . 1| 


В— CH,MgBr 
EM 2.H40* 
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Via acetoacetic ester 


| | | | 
CH,—C—CH;— C— OCH;CHs ы > R-C-C-( 
3. (СНУЬСОК* | 
4. ВХ 


5. concentrated NaOH 


Halo Acids, o-Hydroxy Acids, and о, D-Unsaturated Acids 


Hell-Volhard-Zelinski reaction 


| 1.X2 
P 


R—CH—C— OH > R—CH—COOH 


Formation of с hydroxy acids 


1. ОН 
= ИЕ + Н 
R i COOH 2. ЊО > В ji СОО 
X OH 
Formation of amino acids 
| | 
1. NH3 
R H T R OH 
| C—O 2. H,O Г CO 
X 3. NaOH NH; 


SUMMARY OF 
PREPARATIONS 


Formation of o, B-unsaturated acids 


1 1 
RCH;CH-— C — OH Kon > RCH=CH—C—OH 
| Alcohol 


X 


Amines 


Alkylation of ammonia 


R—X - > АМН» 


Via alkylazide reduction 


R-N; Na нь 
Alcohol 
Gabriel synthesis 
[ 
С СООН 
sow, АХ 

/ K Рон” АМН. + 
Ё 3. HO snau 
| 
O 
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Reduction of nitriles 


E 1. НАНА 
А—С==М айа > R—CH2NH2 
2. НзО" 
Reduction of amides 
1 
1. LiAIH4 
R—C NH2 ether = RCHNH2 
2. НзО 
Reduction of nitrocompounds 
МО» NH2 
1.Sn 
HCl 
A 
2. OH 


(used to prepare aromatic amines only) 
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Reductive amination of aldehydes and ketones 


| | 
А-С-В ын > R—C—NH> 
2. Н/М | 
Н (В) 
1 ji 
R-Ó—H(R) АМ, RC. NHR 
2. H2/Ni | 
Н (В) 
1 | 
R—C-—H (R) ERAN ас МВ’ 
2. Ho/Ni | 
Н (В) 
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Aromatic Compounds 


Halogenation 
X 
Ех, AlCl > 
or 
FeBr3 
Nitration 
МО» 
50° 
© + HNO; + Н>5О, — y © 
Sulfonation 


SO3H 
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Friedel-Crafts alkylation 


(rearrangement of the R group may occur) 


Friedel-Crafts acylation 


] 
+ R-C-X Ales 
Birch reduction 
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Alkyl Halides 
Hydrolysis 
R—X + NaOH 20 > В-ОН + Мах 
Williamson ether synthesis 
VN NAT 
p-x— PONa ров + мах 
Nitrile formation 
R—X + NaCN — > R—-C=N + Мах 
Amine formation 
пх + NH; — А амн, + њо 
2. OH 
L-A 
R—X + R'NH? - > R—NHR' + HO 
2. ОН 
i. X | 
R—X + ВУМН - > R—NHR; + НО 
2. OH 
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Alkene formation 


СНзСН»Х + ВОК” ъ_ь CH=CH; + KX 
Grignard formation 
ВЫХ и — E. 

ether 
Phenols 
Neutralization 

OH О Nat 
NaOH 
ым— 
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Ester formation 


1 
OH O—C—R 
Lo 
pcc + RCOOH 
1 
OH OC—R 
1 
RON + HX 
Ether formation 
О Na' O—R 
А-х 
> 
А 
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Halogenation 
OH OH 
x X 
EE XT 
НО 
X 
OH OH 
X 
= = + 
—65° 
X 
Nitration 
OH OH 


NO; 
OHNO; v. | 
њо 
25° 
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Sulfonation 


OH OH 


SO3H 
H;SO4 


OH OH 


Н804 


= в. 
——— — — —— 


100? 


SO3H 


Kolbe reaction 
О Na' OH 
COOH 


1. CO; 
2. НзО* 


RGANIC CH 
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Aryl Halides 


Grignard reaction 


X 
Hydrolysis 
X 
NO; 
Amination 
X 


Mg 
ether 


КМН; 
————- 


NH; 
—40° 


Мах 


OH 


NO; 


NH; 
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Ethers 
Cleavage 
HI 
R—O-R' > ВОН + В! 
Protonation 
3 H* H 
R-Ó-R - R-Q-R 
+ 
Alcohols 
Neutralization 
Na 


В-ОН —— — —- RO Na’ + Н, 


Halide Formation 


664 NAE 
^ 
ROH SOM RX 
ROH ү R—CI 
ROH E RCI 
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Ester formation 


O е) 
| H* | 
ROH + R'C—OH А > R—C—OR 
Oxidation 
1 
вон Sarett's - R-C-H 
reagent 
25? 
| о 
п-ов 0202. вов 
bu 


Carboxylic acid formation 


KMnO, р l TT 
H* 


100? 


R— OH 
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Aldehydes and Ketones 


Hydration 
О OH 
R с H 19 > R—C—H 
OH 


Hemiacetal and acetal formation 


| ү" 
R—C—H НОН. oie aH 
Е | 
OR' 
| D 
R'OH 
R—C—H НС! > В | H 
A OR' 
Hydrogen cyanide addition 
| | 
R—C—H (В) BEN. н б H (В) 
СМ 
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Addition of organometallic reagents 
О 


| ОН 
RMgX An > R—C—H (R) 
2.H | 
R 


Addition of ammonia derivatives 


R 
| 
R—C—H(R) + АМН =— R'—N=C 
H(R) 
о МНМН, 
| 
R—C—H (R) + =— R T Н (В) 
| 
n 
H 
МО, 
| 2) 
R—C—H (R) + HoN—NH С) МО, > R 1 H (R) 


= 


МО, 
H 
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О 

кен + HaNOH > R—C—H (P) 
| 
Nou 

О О 

кыеш + HNNH i NH; > R—C—H (R) 
| 
NH 
б=о 
m 
Oxidation of aldehydes 


HO > R—C—OH 


A 
o.-halogenation of ketones 
| uu 
А Bro i 
R T C—R -OH > В 0 С-В 
В В 
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Aldol condensation 


О OH О 
| -OH | | 
RCH;C—H io ~ Roeg en с-н 

2 


R 


Benzoin condensation 


ҮЙ 
СНО Ж 
“СМ H 
H2O/ROH 
Carboxylic Acids 
Ester formation 
1 1 
H-G-0H — ОН con 
2 
(Fischer Method) 
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Nonreversible ester formation 


T ] 
C—OH C— OCH; 
CHN 
ether 
Amide formation 
| 1 
NH 
R—-C—X X R—C—NH» 
| ' | 
R—C—X аа „оң C—NHR' 
A 
1 | 
R'NHR' 
R—C-X 7 В МВ 
| NH; | 
R—C—OR' R—C—NH, 
A 
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Acid halide formation 


1 | 
R—C—OH PX. R-—C-X 
A 
| PX, | 
R—C—OH > R-C-X 
A 
| | 
В он — 99 › R-C-x 
А 
Anhydride formation 
O 
MN | 
R—C—ONa R—C—O-C-—R' 


Decarboxylation-Hunsdiecker reaction 


Ї 
C—O Ag* x 
X2 
—— o 
CCl, 


(must be silver salt of aromatic carboxylic acid) 


| electricity 


R—C-—ONa* > В-В 


(Kolbe electrolysis) 


226 CLIFFSQUICKREVIEW 


SUMMARY OF 
REACTIONS 


Decarboxylation with copper salts 


O 
Cu 
> 
quinoline 
A 


| 
R—C—OH RH + CO 


Reduction of carboxylic acids 


| i 
R—C—OH 1. LiAIH, 
ether 


2. H4O* 


> RCH;OH 


Esters 


Reduction 


| i 
R—C- OR 1. LIAIH, 
ether 


2. HO* 


> R—OH + ВОН 


ORGANIC CHEMISTRY II 


SUMMARY OF 
REACTIONS 


Acid halide 
D 
C — СІ 
CH2— OH 
1. НАНА 
f'——— 
ether 
2. НзО* 
Acyl Halides 
Esterification 
1 
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Amide formation 


| 1 
ВВЕ МН, 
Д 
| 1 
в—с—х — АМ , n. C. NHR’ 
A 
| 1 
Bp "EE R—C—NR', 
A 
Acid formation 
| њо | 
R—C-X > R—C—OH 
^ 
Anhydrides 
Ester formation 
i 7 1 
H—C-O0-C—g- ПЭН Ro gm 
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Amide formation 


R—C—O-C—R —V8 > R—C—NH, 
P g 1 
R-C-O R UE > R—C—NH(R) 
О о о 
|l d] we] 


H-O-O0-Q—R.— АСМ 


Acid formation 


Amines 


Ammonium ion formation 


HX + - 
R —NH; — — —- RNH;X 
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Amide formation 


Benzene sulfonamide formation 


CgH5SO2Cl 
АМН» А > R—NH— SOoCgHs 


Oxidation 


H202 


R3N = ВЕ R3N°O” 


peroxyacetic 
acid 


Reaction with nitrous acid 


RNH, №№, | "Cr | — ве + № 


HCI 
or 


NH; № СГ 
МаМО» 
—————— 
HCI 
or 


SUMMARY OF 
REACTIONS 


Reaction of diazonium salt 


H20 


CN 


+ 
_ „МСГ 


0000009 
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APPENDIX А: GLOSSARY 


acetal the product formed by the reaction of an aldehyde with an 
alcohol. The general structure of an acetal is: 


OR' 
R— c^ 
| Sor’ 


achiral the opposite of chiral; also called nonchiral. An achiral mol- 
ecule can be superimposed on its mirror image. 


acid see Brgnsted-Lowry theory of acids and bases, and Lewis 
theory of acids and bases. 


acid-base reaction a neutralization reaction in which the products 
are a salt and water. 


activated complex molecules at an unstable intermediate stage in a 
reaction. 


activating group a group that increases the rate of electrophilic aro- 
matic substitution when bonded to an aromatic ring. 


activation energy the energy that must be supplied to chemicals to 
initiate a reaction; the difference in potential energy between the 
ground state and the transition state of molecules. Molecules of reac- 


tants must have this amount of energy to proceed to the product state. 


acyl group a group with the following structure, where R can be 
either an alkyl or aryl group. 


R—C— 
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acyl halide a compound with the general structural formula: 


О 
R—C—xX 
acylation a reaction in which ап acyl group is added to a molecule. 


acylium ion the resonance stabilized cation: 


+ € t 
ВС =O: ~——> АС == О: 


addition a reaction that produces а new compound by combining all 
of the elements of the original reactants. 


addition elimination mechanism the two-stage mechanism by 
which nucleophilic aromatic substitution occurs. In the first stage, 
addition of the nucleophile to the carbon bearing the leaving group 
occurs. An elimination follows in which the leaving group is expelled. 
adduct the product of an addition reaction. 

alcohol an organic chemical that contains an —OH group. 


aldehyde an organic chemical that contains a —CHO group. 


alicyclic compound an aliphatic cyclic hydrocarbon, which means 
that a compound contains a ring but not an aromatic ring. 


aliphatic compound a straight- or branched-chain hydrocarbon; an 
alkane, alkene, or alkyne. 


alkane a hydrocarbon that contains only single covalent bonds. The 
alkane general formula is С.Н..... 
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alkene a hydrocarbon that contains a carbon-carbon double bond. 
The alkene general formula is C.H... 


alkoxide ion an anion formed by removing a proton from an alcohol; 
the RO ion. 


alkoxy free radical a free radical formed by the homolytic cleavage 
of an alcohol —OH bond; the КО. free radical. 


alkyl group an alkane molecule from which a hydrogen atom has been 
removed. Alkyl groups are abbreviated as “R” in structural formulas. 


alkyl halide à hydrocarbon that contains a halogen substituent, such 
as fluorine, chlorine, bromine, or iodine. 


alkyl-substituted cycloalkane a cyclic hydrocarbon to which one or 
more alkyl groups are bonded. (Compare with cycloalkyl alkane.) 


alkylation a reaction in which an alkyl group is added to a molecule. 


alkyne a hydrocarbon that contains a triple bond. The alkyne general 
formula is CH..... 


allyl group the HzC=CHCH2— group. 
allylic carbocation the H2C = CHCH?' ion. 


analogue in organic chemistry, chemicals that are similar to each 
other, but not identical. For example, the hydrocarbons are all similar 
to each other, but an alkane is different from the alkenes and alkynes 
because of the types of bonds they contain. Therefore, an alkane and 
an alkene are analogues. 


angle of rotation (0) in a polarimeter, the angle right or left in which 


plane-polarized light is turned after passing through an optically 
active compound in solution. 
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anion a negatively charged ion. 


antibonding molecular orbital a molecular orbital that contains 
more energy than the atomic orbitals from which it was formed; in 
other words, an electron is less stable in an antibonding orbital than 
it is in its original atomic orbital. 


anti-Markovnikov addition a reaction in which the hydrogen atom 
of a hydrogen halide bonds to the carbon of a double bond that is 
bonded to fewer hydrogen atoms. The addition takes place via a free- 
radical intermediate rather than a carbocation. (Compare with 
Markovnikov rule.) 


arene an aromatic hydrocarbon. 
aromatic compound a compound that possesses a closed-shell elec- 
tron configuration as well as resonance. This type of compound obeys 


Hiickel’s rule. 


aryl group a group produced by the removal of a proton from an aro- 
matic molecule. 


aryl halide a compound in which a halogen atom is attached to an 
aromatic ring. 


atom the smallest amount of an element; a nucleus surrounded by 
electrons. 


atomic mass (A) the sum of the weights of the protons and neutrons 
in an atom. (A proton and neutron each have a mass of | atomic mass 
unit.) 


atomic number (Z) the number of protons or electrons in an atom. 


atomic 1s orbital the spherical orbital nearest the nucleus of an atom. 
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atomic orbital a region in space around the nucleus of an atom where 
the probability of finding an electron is high. 


atomic p orbital an hourglass-shaped orbital, oriented on x, y, and z 
axes in three-dimensional space. 


atomic s orbital a spherical orbital. 


Baeyer reagent Cold, dilute potassium permanganate, which is used 
to oxidize alkenes and alkynes. 


base see Brgnsted-Lowry theory of acids and bases, and Lewis 
theory of acids and bases. 


benzenoid ring an aromatic ring with a benzene-like structure. 
benzyl group the C. H.CH. group. 

benzyne an unstable intermediate that consists of a benzene ring with 
an additional bond that is created by the side-to-side overlap of sp’ 


orbitals on adjacent carbons of the ring. 


bond angle the angle formed between two adjacent bonds on the 
same atom. 


bond-dissociation energy the amount of energy needed to homolyt- 
ically fracture a bond. 


bond length the equilibrium distance between the nuclei of two 
atoms or groups that are bonded to each other. 


bond strength see bond-dissociation energy. 
bonding electron see valence electrons. 


bonding molecular orbital the orbital formed by the overlap of adja- 
cent atomic orbitals. 
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branched-chain alkane an alkane with alkyl groups bonded to the 
central carbon chain. 


Brgnsted-Lowry theory of acids and bases A Brgnsted-Lowry acid 
is a compound capable of donating a proton (a hydrogen ion), and a 
Brgnsted-Lowry base is capable of accepting a hydrogen ion. In neu- 
tralization, an acid donates a proton to a base, creating a conjugate 
acid and a conjugate base. 


carbanion a carbon atom bearing a negative charge; a carbon anion. 


carbene an electrically uncharged molecule that contains a carbon 
atom with only two single bonds and just six electrons in its valence 
shell. 


carbenoid a chemical that resembles a carbene in its chemical 
reactions. 


carbocation a carbon cation; a carbon atom bearing a positive charge 
(sometimes referred to as a “carbonium ion"). 


О 
carbonyl group the = group. 
carboxylic acid the —C—OH group. 
| 


catalyst a substance that affects the rate of a reaction in which it par- 
ticipates; however, it is not altered or used up in the process. 


cation a positively charged ion. 


cationic polymerization occurs via a cation intermediate and is less 
efficient than free-radical polymerization. 
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chain reaction a reaction that, once started, produces sufficient 
energy to keep the reaction running. These reactions proceed by a 
series of steps, which produce intermediates, energy, and products. 


chemical shift a position in an NMR spectrum, relative to TMS, at 
which a nucleus absorbs. 


chiral describes a molecule that is not superimposable on its mirror 
image; like the relationship of a left hand to a right hand. 


closed-shell electron configuration a stable electron configuration 
in which all of the electrons are located in the lowest energy orbitals 
available. 


competing reactions two reactions that start with the same reactants 
but form different products. 


concerted taking place at the same time without the formation of an 
intermediate. 


condensation reaction a reaction in which two molecules join with 
the liberation of a small stable molecule. 


conjugate acid the acid that results when a Brgnsted-Lowry base 
accepts a hydrogen ion. 


conjugate base the base that results when a Brgnsted-Lowry acid 
loses a hydrogen ion. 


conjugated double bonds carbon-carbon double bonds that are sep- 
arated from one another by one single bond; С=С—С==С, for 
example. 


conjugation the overlapping in all directions of a series of p orbitals. 


This process usually occurs in a molecule with alternating double and 
single bonds. 
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conjugation energy see resonance energy. 


coupling constant (J) the separation in frequency units between mul- 
tiple peaks in one chemical shift. This separation results from spin- 
spin coupling. 


covalent bond a bond formed by the sharing of electrons between 
atoms. 


cyano group the —С==М group. 


(н 
жаш 


cyanohydrin a compound with the general formula R' 
cyclization the formation of ring structures. 
cycloaddition a reaction that forms a ring. 


cycloalkane a ring hydrocarbon made up of carbon and hydrogen 
atoms joined by single bonds. 


cycloalkyl alkane an alkane to which a ring structure is bonded. 

cyclohydrocarbon an alkane, alkene, or alkyne formed in a ring 
structure rather than a straight or branched chain. The cyclohydrocar- 
bon general formula is C.H. (n must be a whole number of 3 or 


greater). 


deactivating group a group that causes an aromatic ring to become 
less reactive toward electrophilic aromatic substitution. 


debye unit (D) the unit of measure for a dipole moment. One debye 
equals 1.0 x 10" esu - cm. (See dipole moment.) 


decarboxylation a reaction in which carbon dioxide is expelled from 
a carboxylic acid. 
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dehalogenation the elimination reaction in which two halogen atoms 
are removed from adjacent carbon atoms to form a double bond. 


dehydration the elimination reaction in which water is removed from 
a molecule. 


dehydrohalogenation the elimination reaction in which a hydrogen 
atom and a halogen atom are removed from a molecule to form a dou- 


ble bond. 


delocalization the spreading of electron density or electrostatic 
charge across a molecule. 


delocalization energy see resonance energy. 

deprotonation the loss of a proton (hydrogen ion) from a molecule. 
deshielding an effect in NMR spectroscopy that the movement of 6 
and т electrons within the molecule causes. Deshielding causes 


chemical shifts to appear at lower magnetic fields (downfield). 


Diels-Alder reaction a cycloaddition reaction between a conjugated 
diene and an alkene that produces a 1,4-addition product. 


diene an organic compound that contains two double bonds. 
dienophile the alkene that adds to the diene in a Diels-Alder reaction. 


dihalide a compound that contains two halogen atoms; also called a 
dihaloalkane. 


diol a compound that contains two hydroxyl (—OH) groups; also 
called a dihydroxy alkane. 


dipole moment a measure of the polarity of a molecule; it is the 


mathematical product of the charge in electrostatic units (esu) and the 
distance that separates the two charges in centimeters (cm). For 
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example, substituted alkynes have dipole moments caused by differ- 
ences in electronegativity between the triple-bonded and single- 
bonded carbon atoms. 


distillation the separation of components of a liquid mixture based 
on differences in boiling points. 


double bond a multiple bond composed of one с bond and one x 
bond. Rotation is not possible around a double bond. Hydrocarbons 
that contain one double bond are alkenes, and hydrocarbons with two 
double bonds are dienes. 


E1 an elimination reaction mechanism in which the slow step is a 
self-ionization of the molecule to form a carbocation. Thus, the rate- 
controlling step is unimolecular. 


E2 an elimination reaction mechanism in which the rate-controlling 
step is the simultaneous removal of a proton from the molecule by a 
base, resulting in the creation of a double bond. The rate controlling 
step 15 bimolecular. 


electron negatively charged particles of little weight that exist in 
quantized probability areas around the atomic nucleus. 


electron affinity the amount of energy liberated when an electron is 
added to an atom in the gaseous state. 


electronegativity the measure of an atom's ability to attract electrons 
toward itself in a covalent bond. The halogen fluorine is the most 
electronegative element. 


electronegativity scale an arbitrary scale by which the electronega- 
tivity of individual atoms can be compared. 


electrophile an “electron seeker;" an atom that seeks an electron to 
stabilize itself. 
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electrophilic addition a reaction in which the addition of an 
electrophile to an unsaturated molecule results in the formation of a 
saturated molecule. 


electrostatic attraction the attraction of a positive ion for a negative 
ion. 


element of unsaturation а л bond; a multiple bond or ring in a 
molecule. 


enantiomer a stereoisomer that cannot be superimposed on its mirror 
image. 


enantiomorphic pair in optically active molecules with more than 
one stereogenic center, the two structures that are mirror images of 
each other are enantiomorphic pairs. 


energy of reaction the difference between the total energy content 
of the reactants and the total energy content of the products. The 
greater the energy of reaction, the more stable the products. 


enol an unstable compound (for example, vinyl alcohol) in which a 
hydroxide group is attached to a carbon bearing a carbon-carbon dou- 
ble bond. These compounds tautomerize to form ketones, which are 


more stable. 


enolate ion the resonance stabilized ion formed when an aldehyde or 
ketone loses an hydrogen. 


epoxide a three-membered ring that contains oxygen. 
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ester the —C—OR functional group. 


ether an organic compound in which an oxygen atom is bonded to 
carbon atoms. The general formula is R—O—R'. Epoxyethane, an 
epoxide, is a cyclic ether. 


free radical an atom or group that has a single unshared electron. 


free-radical chain reaction a reaction that proceeds by a free-radical 
intermediate in a chain mechanism—a series of self-propagating, inter- 
connected steps. (Compare with free-radical reaction.) 


free-radical polymerization a polymerization initiated by a free 
radical. 


free-radical reaction a reaction in which a covalent bond is formed by 
the union of two radicals. (Compare with free-radical chain 
reaction.) 


functional group a set of bonded atoms that displays a specific mol- 
ecular structure and chemical reactivity when bonded to a carbon 
atom in the place of a hydrogen atom. 


Grignard reagent an organometallic reagent in which magnesium 
metal inserts between an alkyl group and a halogen; for example, 
CH.MgBr. 


haloalkane an alkane that contains one or more halogen atoms; also 
called an alkyl halide. 


halogen an electronegative, nonmetallic element in Group VII of the 
periodic table, including fluorine, chlorine, bromine, and iodine. 


Halogens are often represented in structural formulas by an “X.” 


halogenation a reaction in which halogen atoms are bonded to an 
alkene at the double bond. 
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halonium ion a halogen atom that bears a positive charge. This ion 


is highly unstable. 
OR 
hemiacetal a functional group of the structure — С 
| он 
H 
OR 
hemiketal a functional group of the structure — C 
| ^он 


hertz a measure of a wave’s frequency. A hertz equals the number of 
waves that passes a specific point per second. 


hetero atom in organic chemistry, an atom other than carbon. 


heterocyclic compound a class of cyclic compounds in which one 
of the ring atoms is not carbon; epoxyethane, for example. 


heterogenic bond formation a type of bond formed by the overlap 
of orbitals on adjacent atoms. One orbital of the pair donates both of 
the electrons to the bond. 


heterolytic cleavage the fracture of a bond in such a manner that one 
of the atoms receives both electrons. In reactions, this asymmetrical 
bond rupture generates carbocation and carbanion mechanism. 


homologous series a set of compounds with common compositions; 
for example, the alkanes, the alkenes, and the alkynes. 


homologue one of a series of compounds in which each member dif- 
fers from the next by a constant unit. 


homolytic cleavage the fracture of a bond in such a manner that both 
of the atoms receive one of the bond’s electrons. This symmetrical bond 
rupture forms free radicals; in reactions, it generates free-radical 
mechanisms. 
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Hiickel’s rule a rule stating that a compound with 4n + 2 7 electrons 
will have a closed shell electron configuration and will be aromatic. 


hydration the addition of the elements of water to a molecule. 


hydride shift the movement of a hydride ion, a hydrogen atom with 
a negative charge, to form a more inductively stabilized carbocation. 


hydroboration the addition of boron hydride to a multiple bond. 


hydroboration-oxidation the addition of borane (BH.) or an alkyl 
borane to an alkene and its subsequent oxidation to produce the anti- 
Markovnikov indirect addition of water. 


hydrocarbon a molecule that contains exclusively carbon and hydro- 
gen atoms. The central bond may be a single, double, or triple cova- 
lent bond, and it forms the backbone of the molecule. 


hydrogenation the addition of hydrogen to a multiple bond. 


hydrohalogenation a reaction in which a hydrogen atom and a halo- 
gen atom are added to a double bond to form a saturated compound. 


hydrolyze to cleave a bond via the elements of water. 


inductive effect the electron donating or electron withdrawing effect 
that is transmitted through o bonds. It can also be defined as the abil- 
ity of an alkyl group to “push” electrons away from itself. The induc- 
tive effect gives stability to carbocations and makes tertiary 
carbocations the most stable. 


infrared spectroscopy a type of spectroscopy that provides struc- 
tural information about a molecule, based on the molecule’s interac- 


tion with energy from infrared light. 


initiation step the first step in the mechanism of a reaction. 
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initiator a material capable of being easily fragmented into free rad- 
icals, which in turn initiate a free-radical reaction. 


insertion placing between two atoms. 


intermediate a species that forms in one step of a multistep mecha- 
nism; intermediates are unstable and cannot be isolated. 


ion a charged atom; an atom that has either lost or gained electrons. 


ionic bond a bond formed by the transfer of electrons between atoms, 
resulting in the formation of ions of opposite charge. The electrosta- 
tic attraction between these ions is the ionic bond. 


ionization energy the energy needed to remove an electron from an 
atom. 


isolated double bond a double bond that is more than one single 
bond away from another double bond in a diene. 


isomers compounds that have the same molecular formula but differ- 
ent structural formulas. 


IUPAC nomenclature a systematic method for naming molecules 
based on a series of rules developed by the International Union of 
Pure and Applied Chemistry. IUPAC nomenclature is not the only 
system in use, but it is the most common. 


Kekulé structure the structure for benzene in which there are three 
alternating double and single bonds in a six-membered ring of carbon 
atoms. 


ketal the product formed by the reaction of a ketone with an alcohol. 
The general structure of a ketal 15: 
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keto-enol tautomerization the process by which an enol equilibrates 
with its corresponding aldehyde or ketone. 


ketone a compound in which an oxygen atom is bonded via a double 
bond to a carbon atom, which is itself bonded to two more carbon 
atoms. 


kinetics the study of reaction rates. 


leaving group the negatively charged group that departs from a mol- 
ecule, which is undergoing a nucleophilic substitution reaction. 


Lewis theory of acids and bases a Lewis acid is a compound capa- 
ble of accepting an electron pair, and a Lewis base is capable of 
donating an electron pair. 


linear the shape of a molecule with sp hybrid orbitals; an alkyne. 
Markovnikov rule states that the positive part of a reagent (a hydro- 
gen atom, for example) adds to the carbon of the double bond that 
already has more hydrogen atoms attached to it. The negative part 
adds to the other carbon of the double bond. Such an arrangement 
leads to the formation of the more stable carbocation over other less- 
stable intermediates. 


mass number the total number of protons and neutrons in an atom. 


mechanism the series of steps that reactants go through during their 
conversion into products. 


methylene group a —СН, group. 


molecular orbital an orbital formed by the linear combination of two 
atomic orbitals. 


molecule a covalently bonded collection of atoms that has no elec- 
trostatic charge. 
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multiple bond a double or triple bond; multiple bonds involve the 
atomic p orbitals in side-to-side overlap, preventing rotation. 


neutralization the reaction of an acid and a base. The products of an 
acid and base reaction are a salt and water. 


neutron an uncharged particle in the atomic nucleus that has the same 
weight as a proton. Additional neutrons do not change an element but 
convert it to one of its isotopic forms. 


node a region of zero electron density in an orbital; a point of zero 
amplitude in a wave. 


nonbenzenoid aromatic ring an aromatic ring system that does not 
contain a benzene ring. 


nonbonding electrons valence electrons that are not used for cova- 
lent bond formation. 


nonterminal alkyne an alkyne in which the triple bond is located 
somewhere other than the 1 position. 


nuclear magnetic resonance spectroscopy a method for measuring 
how much energy odd-numbered nuclei absorb in the radio frequency 
range when the atom is exposed to strong magnetic fields. This type 
of spectroscopy gives information on the environment surrounding 
the specific nucleus. 


nucleofuge see leaving group. 


nucleophile a species that is capable of donating a pair of electrons 
to a nucleus. 


nucleophilic substitution a reaction in which a group on a carbon 
atom, which has a full or partial positive charge, is displaced by a 
nucleophile. 
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nucleus the central core of an atom; the location of the protons and 
neutrons. 


optical activity the ability of some chemicals to rotate plane-polarized 
light. 


orbit an area around an atomic nucleus where there is a high proba- 
bility of finding an electron; also called a shell. An orbit is divided 
into orbitals, or subshells. 

orbital an area in an orbit where there is a high probability of find- 
ing an electron; a subshell. All of the orbitals in an orbit have the same 
principal and angular quantum numbers. 


outer-shell electron see valence electrons. 


overlap region the region in space where atomic or molecular 
orbitals overlap, creating an area of high-electron density. 


oxidation the loss of electrons by an atom in a covalent bond. In 
organic reactions, this occurs when a compound accepts additional 
oxygen atoms. 


oxonium ion a positively charged oxygen atom. 


ozonide a compound formed by the addition of ozone to a double 
bond. 


ozonolysis the cleavage of double and triple bonds by ozone, O.. 


paired spin the spinning in opposite directions of the two electrons 
in a bonding orbital. 


parent name the root name of a molecule according to the IUPAC 


nomenclature rules; for example, hexane is the parent name in trans- 
1,2-dibromocyclohexane. 
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peroxide a compound that contains an oxygen-oxygen single cova- 
lent bond. 


peroxyacid an acid of general form 
| 
R—C—0 — OH 
л (pi) bond a bond formed by the side-to-side overlap of atomic p 
orbitals. А л bond is weaker than a с bond because of poor orbital 
overlap caused by nuclear repulsion. Unsaturated molecules are cre- 


ated by x bonds. 


т complex an intermediate formed when a cation is attracted to the 
high electron density of a x bond. 


т molecular orbital a molecular orbital created by the side-to-side 
overlap of atomic p orbitals. 


polar covalent bond a bond in which the shared electrons are not 
equally available in the overlap region, leading to the formation of 


partially positive and partially negative ends on the molecule. 


polarity the asymmetrical distribution of electrons in a molecule, 
leading to positive and negative ends on the molecule. 


precursor the substance from which another compound is formed. 


preparation a reaction in which a desired chemical is produced; for 
example, the dehydration of an alcohol is a preparation for an alkene. 


primary carbocation a carbocation to which one alkyl group is 
bonded. 


primary (1°) carbon a carbon atom that is attached to one other car- 
bon atom. 
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product the substance that forms when reactants combine in a 
reaction. 


propagation step the step in a free radical reaction in which both a 
product and energy are produced. The energy keeps the reaction 


going. 

protecting group a group that is formed on a molecule by the reac- 
tion of a reagent with a substituent on the molecule. The resulting 
group is less sensitive to further reaction than the original group, but 
it must be able to be easily reconverted to the original group. 

proton a positively charged particle in the nucleus of an atom. 


protonation the addition of a proton (a hydrogen ion) to a molecule. 


pure covalent bond a bond in which the shared electrons are equally 
available to both bonded atoms. 


pyrolysis the application of high temperatures to a compound. 
racemate another name for racemic mixture. 
racemic mixture a 1:1 mixture of enantiomers. 


rate-determining step the step in a reaction’s mechanism that 
requires the highest activation energy and is therefore the slowest. 


rate of reaction the speed with which a reaction proceeds. 
reactant a starting material. 


reaction energy the difference between the energy of the reactants 
and that of the products. 


reagent the chemicals that ordinarily produce reaction products. 
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rearrangement reaction a reaction that causes the skeletal structure 
of the reactant to undergo change in converting to the product. 


reduction the gaining of electrons by an atom or molecule. In organic 
compounds, a reduction is an increase in the number of hydrogen 
atoms in a molecule. 


resonance the process by which a substituent either removes elec- 
trons from or gives electrons to ал bond in a molecule; а delocaliza- 
tion of electrical charge in a molecule. 


resonance energy the difference in energy between the calculated 
energy content of a resonance structure and the actual energy content 
of the hybrid structure. 


resonance hybrid the actual structure of a molecule that shows reso- 
nance. A resonance hybrid possesses the characteristics of all possi- 
ble drawn structures (and consequently cannot be drawn). It is lower 
in energy than any structure that can be drawn for the molecule and 
thus more stable than any of them. 


resonance structures various intermediate structures of one molecule 
that differ from each other only in the positions of their electrons. None 
of the drawn resonance structures is correct, and the best representa- 
tion is a hybrid of all the drawn structures. 


R group see alkyl group. 


ring structure a molecule in which the end atoms have bonded, 
forming a ring rather than a straight chain. 


rotation the ability of carbon atoms attached by single bonds to freely 
turn, which gives the molecule an infinite number of conformations. 


saturated compound a compound containing all single bonds. 
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saturation the condition of a molecule containing the most atoms 
possible; a molecule made up of single bonds. 


secondary carbocation a carbocation to which two alkyl groups are 
bonded. 


secondary (2°) carbon a carbon atom that is directly attached to two 
other carbon atoms. 


separation technique a process by which products are isolated from 
each other and from impurities. 


shielding an effect, in NMR spectroscopy, caused by the movement 
of o and m electrons within the molecule. Shielding causes chemical 
shifts to appear at higher magnetic fields (upfield). 


с (sigma) antibonding molecular orbital a с molecular orbital in 
which one or more of the electrons are less stable than when local- 
ized in the isolated atomic orbitals from which the molecular orbital 
was formed. 


6 (sigma) bond a bond formed by the linear combination of orbitals 
in such a way that the maximum electron density 15 along a line join- 
ing the two nuclei of the atoms. 


с (sigma) bonding molecular orbital a o molecular orbital in which 
the electrons are more stable than when they are localized in the iso- 
lated atomic orbitals from which the molecular orbital was formed. 
skeletal structure the carbon backbone of a molecule. 

S.1 a substitution reaction mechanism in which the slow step is a self 
ionization of a molecule to form a carbocation. Thus, the rate con- 
trolling step is unimolecular. 

S.2 a substitution reaction mechanism in which the rate controlling 


step is a simultaneous attack by a nucleophile and a departure of a 


CLIFFSQUICKREVIEW 


254 


АРРЕМГИХ А: 
GLOSSARY 


leaving group from a molecule. Thus, the rate controlling step is 
bimolecular. 


sp hybrid orbital a molecular orbital created by the combination of 
wave functions of an s and a p orbital. 


sp’ hybrid orbital a molecular orbital created by the combination of 
wave functions of an s and two p orbitals. 


sp’ hybrid orbital a molecular orbital created by the combination of 
wave functions of an s and three p orbitals. 


spin-spin splitting the splitting of NMR signals caused by the cou- 
pling of nuclear spins on neighboring nonequivalent hydrogens. 


steric hindrance the ability of bulky groups on carbon atoms to pre- 
vent or restrict a reagent from reaching a reaction site. 


straight-chain alkane a saturated hydrocarbon that has no carbon- 
containing side chains. 


structural isomer also known as a constitutional isomer, structural 
isomers have the same molecular formula but different bonding 
arrangements among their atoms. For example, C.H, can be butane 
ог 2-methylpropane, and СН, can be 1-butene or 2-butene. 


subatomic particles a component of an atom; either a proton, neu- 
tron, or electron. 


substituent group any atom or group that replaces a hydrogen atom 
on a hydrocarbon. 


substitution the replacement of an atom or group bonded to a carbon 
atom with a second atom or group. 


substitution reaction a reaction in which one group replaces another 
on a molecule. 


ORGANIC CHEMISTRY II 


255 


АРРЕМГИХ А: 
GLOSSARY 


tautomers structural isomers that easily interconvert. 


terminal alkyne an alkyne whose triple bond is located between the 
first and second carbon atoms of the chain. 


terminal carbon the carbon atom on the end a carbon chain. 


termination step the step in a reaction mechanism that ends the reac- 
tion, often a reaction between two free radicals. 


tertiary carbocation a carbocation to which three alkyl groups are 
bonded. 


tertiary (3°) carbon a carbon atom that is directly attached to three 
other carbon atoms. 


tetrahaloalkane an alkane that contains four halogen atoms on the 
carbon chain. The halogen atoms can be located on vicinal or non- 
vicinal carbon atoms. 

thermodynamically controlled reaction a reaction in which condi- 
tions permit two or more products to form. The products are in an equi- 


librium condition, allowing the more stable product to predominate. 


tosyl group a p-toluenesulfonate group: 


СНз 


trigonal planar the shape of а molecule with an sp’ hybrid orbital. In 
this arrangement, the o bonds are located in a single plane separated 
by 60° angles. 
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triple bond a multiple bond composed of one o bond and two п 
bonds. Rotation is not possible around a triple bond. Hydrocarbons 
that contain triple bonds are called alkynes. 


ultraviolet spectroscopy a spectroscopy that measures how much 
energy a molecule absorbs in the ultraviolet region of the spectrum. 


unsaturated compound a compound that contains one or more mul- 
tiple bonds; for example, alkenes and alkynes. 


unsaturation refers to a molecule containing less than the maximum 
number of single bonds possible because of the presence of multiple 
bonds. 

valence electrons the outermost electrons of an atom. The valence 
electrons of the carbon atom occupy the 25, 2p., and 2p, orbitals, for 
example. 

valence shell the outermost electron orbit. 

vinyl alcohol CH2—CH — ОН. 

vinyl group the CH?—CH — group. 


Wurtz reaction the coupling of two alkyl halide molecules to form 
an alkane. 


X group “X” is often used as the abbreviation for a halogen sub- 
stituent in the structural formula of an organic molecule. 


ylide a neutral molecule in which two oppositely charged atoms are 
directly bonded to each other. 


Zaitsev's rule states that the major product in the formation of 
alkenes by elimination reactions will be the more highly substituted 
alkene, or the alkene with more substituents on the carbon atoms of 
the double bond. 
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Li Be 


Lithium | Beryllium 


Titanium 


Lanthanide Series 


Actinide Series 


Atomic weights shown below the symbols are 
based on Carbon-12. The numbers above 
the symbols are the atomic numbers. 
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ША IVA МА VIA 
5 
B С 
Вогоп Flourine 
10.811 18.9984 
13 14 
Al Si 
Aluminum 
26.9815 | 28.086 


31 32 33 
Ga | Ge | As 


Gallium  Germaniui Arsenic 
72.59 | 74.9216 


Tellurium 
127.60 


Palladium i i Antimony 
121.75 


Platinum Thallium 
195.09 К 204.37 


67 
Но Lu 


Holmium i Lutetium 
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APPENDIX С: ELECTRONEGATIVITY VALUES 


H 

2.1 

Li Be B С М O F 

1.0 | 1.5 2.0 | 2.5 | 3.0 | 3.5 | 4.0 

Ма | Mg Al Si P S CI 

0.9 | 12 1.5 | 1.8 | 2.1 2.5 | 3.0 

К Са Са | Се | Аз | Se | Br 

0.8 | 1.0 1.6 | 1.8 | 2.0 | 2.4 | 2.8 

Rb Sr Many elements have | 
been omitted to 

0.8 | 1.0 emphasize the basic 24 
pattern of electronegativity 

Cs Ba variation. 

0.7 | 0.9 
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